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ABSTRACT
Temperature and its Effect on some Maritime Plants in Britain*
The physiological ecology of five coastal species has heen examined 
with respect to temperatire and its effect on survival and distribution.
The aims of, the study have been to establish whether any direct correlation 
exists between distribution and the responses of the plants to temperature 
at different stages in the life cycle. The species under consideration 
were the northern Lifflisticum scoticum and Mertensia maritima and the 
southern Crithmum marltimum. Limoniujii binervosum and Glaucium flavum.
Highest germination percentages for each species were found at 
temperatures close to those associated with the season favourable for 
germination in the natural habitat. Northern■species bad higher 
temperature requirements than the southern, corresponding to spring/ 
summer and autumn or spring germination respectively.
Root respiration, measured as- oxygen uptake, was found to be twice 
as great in the northern Liffustlcuin and Mertensia as in the southern 
Crithmum and Limonium over a range of experimental temperatures. This 
varied to some extent with time and temperature of pretreatment. The 
single experiment on the southern Glaucium showed rates similar to those 
of the northern species. , Arrhenius plots' of respiration data for the 
northern species showed a break in gradient at the upper end of the 
experimental temperature range which correlated well with apparently 
limiting July mean temperatures from the distribution maps. The southern 
Crithmum showed a break at lower temperature range close to the limiting 
January mean temperature. The response of Limonium to experimental
temperature depended on the pretreatment; upper range breaks were shown 'I
uafter low pretreatment temperatures, and lower range breaks after higher 
pretreatment temperatures. The single experiment on Glaucium gave a 
straight line Arrhenius plot. 1
Carbohydrate analyses of the same-pretreated plants yielded additional 
information relevant to the survival and thus to the distribution in relation
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2.
to temperature. The southern Crithmum had the highest starch content at 
all temperatures while the northern higusticum and Mertensia had less.
Ratios of soluble sugar to starch were greatest in the northern species, 
possibly reflecting displacement of the equilibrium from starch to soluble 
sugar at lower temperatures.
Overall a connection has been demonstrated between the direct effects 
of temperature on the plants and the limitation of distribution by temperature, 
This is clearest for the two northern species, Ligusticum scoticum and 
Mertensia maritima, less definite for the southern Crithmum maritimum. and 
only suggested for Limonium binervosum with its apparently less simple 
temperature responses. Glaucium flavum appears anomalous and requires 
further study.
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1CHAPTER 1 - INTRODUCTION
There have been many different approaches made to the study of 
distribution of plants in relation to temperature. For example, from 
observations on Scandinavian alpine and arctic species, Dahl (1951) 
pointed out correlations between their southern limits and isotherms for 
maximum summer temperatures. Similarly, Seddon (1971) pointed out a 
number of close correlations between summer and winter mean isotherms 
and plant distributions in Britain. These conclusions were drawn from 
observation of relevant distribution maps and corresponding overlays 
(ed. Perring and Walters, 1976). These studies demonstrate a connection 
between distribution and temperature, but the relationship is not 
explained except as a probable function of length of growing season in 
day degrees.
The limitations of temperature on the distribution of a plant species 
may act at any stage in the life cycle of the plant. The constraint can 
be on seed germination, seedling establishment, or on the mature plant, 
and may occur in either summer or winter. If temperature acts directly 
on the plant, then the effects will possibly be noticeable in the short 
term, over say, two or three years. If temperature is affecting such 
processes as flowering and seed set, then the effect may only be noticeable 
over a longer period of, say, 10 to 15 years. The actual time over which 
the temperature constraint is apparent will depend on the longevity of the 
plant and on variations in climate from year to year. Several of the 
above factors are considered in more detail below.
Various studies on seed germination have shown the many ways in which 
seed of different species responds to temperature. Optimum germination 
requirements vary widely and depend on a .combination of the storage 
temperature and the germination temperature, and whether these are constant 
or fluctuating. Light may also interact with temperature and the resulting 
total germination characteristics are unique for each species or ecotype. 
Examples of work of this kind on a wide variety of species are to be found
' 41
-9^
1 - Nomenclature throughout is from Claphara, Tutin and Warburg (19Ô2)
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in papers by Thompson (1973i1974a,19?4b,19?4c), Probert and Thompson (1976) 
and Simon et al (1976) in addition to the many examples cited by Mayer and 
Poljakoff-Mayber (1975)*
Work on temperature sensitivity of seedlings has often been included 
with a study of mature plants. However, seedlings may be more sensitive 
to adverse temperature conditions than adult plants as stated by Okusanya 
(1976) for Crithmum maritimum L . a n d  they may also be more sensitive to 
such non-temperature related pressures as grazing or trampling than adult 
plant,s.
The survival of any particular mature plant must depend ultimately on 
the maintenance of a positive carbohydrate balance, though this is in 
addition to its ability to survive such ecological pressures as shading, 
extreme oligotrophy or eutrophy, and competion from other species. The 
combination of these pressures with sub-optimal or limiting temperatures, 
whatever the temperature effect, will ultimately determine whether or not 
the plant will survive in any one place and will thus contribute to the 4
determination of its overall distribution.
In Britain, Stewart and. Bannister (1974) have shown that three species 
of Vaccinium have different responses to temperature which can be linked 
with their distributions in Britain., These three, V.myrtillus L.,
V.vitis-idaea L. and V.uliginosum L. show progressively more northern '>
distributions, in that order, and measured dark respiration rates are highest 4
in the most northerly species, V.uliginosum. This is in accordance with 
the observations of many authors, reviewed by Billings and Mooney (I968), 
that arctic and alpine species tend to have higher intrinsic rates of 
•respiration than temperate or lov/land species. Stewart and Bannister (1973) 
also studied the carbohydrate status throughout the year, particularly for *
V.uliginosum, and found a characteristic yearly cycle of rising and falling 
levels of carbohydrate. This cycle was easily correlated with seasonal
r-
3
changes in temperature and light intensity, and in conjunction with data 
in the 1974 paper, the different parts played by photosynthesis and 
respiration in winter were calculated.
Work in the U.S.A. has shown variations in carbohydrate status in 
relation to growth and respiration rate for various alpine plants from 
different altitudes and latitudes (Mooney and Billings, I960,1961,1965;
Mooney, I963). Temperature was suggested as the limiting factor here, 
though it v/as only treated as a function of altitude in some instances.
More recently Higgins and Sporaer (1976) have demonstrated that soil 
temperature is more important than air temperature in the effect it has 
on long term survival of plants. Here, the temperature of the roots was 
related directly to the respiration rate and survival potential of the 
plants.
Wager (1941) also studied respiration and carbon assimilation in 
relation to temperature for a range of arctic species and again confirmed j
that those of most northerly distribution tended to have high intrinsic 
rates of respiration especially when compared with species of temperate 
distribution. These data were also compared with those from other authors 
for a variety of species including crop plants.
Most of the work so far discussed has been concerned with wild plants 
of arctic or alpine origin from various parts of the world. The arctic 
species are limited in their distribution almost exclusively by latitude 
and related temperature, and they thus have a reasonably continuous habitat 
where there is land. Though the relationship between altitude and 
temperature is reasonably simple, the limitations to the study of distrib­
ution of alpine plants are greater than those for arctic ones because the 
disjunct habitat may prevent a species from occupying its full potential 
range.
has been restricted to plants with coastal habitats so that discontinuity 
of habitat will not seriously limit distribution; even though the coast
In order to avoid at least some of these problems, the present study 1
.-i'V- j. - ".. itV.'.
has variety such as cliff, shingle, dune and salt-marsh habitats* In 
addition both the altitudinal range, and annual and diurna.l temperature 
fluctuations of the coast are relatively limited when compared with 
inland sites.
Consequently it was decided to initiate the present investigation 
on temperature limitations on distribution of selected coastal species 
found in Britain. To facilitate the choice of suitable species for 
study, and to enable comparisons to be made, a list of coastal species 4
with limited distributions in Britain was made from the 'Atlas of the 
British Flora' (ed, Perring and Walters, 1976) together with their habitats, 
distribution limits in Britain and the rest of the world, and corresponding 
apparently limiting isotherms in Britain. This information is given and 
considered further in Chapter 2.
ITwo of these apparently temperature limited coastal plants were chosen 44initially for study; one northern, Ligusticimi scoticum L., Scots Lovage; 
and one southern, Crithmum maritimum L., Rock Samphire. Both are members 
of the Urabelliferae and are found in similar habitats on rocky shores and 
cliffs. These tv/o species were treated the most thoroughly in the 
experimental work. 3
Subsequently a further northern species, Mertensia maritima(L) S.F.Gray,
Oyster plant, and a further southern species, Limonium binervosum (G.E.Sni)
C.E. Salmon, Rock Sea-lavender, were added to the study for comparison but 4
these were not treated so thoroughly. Some limited experiments were also J 
carried out on Glaucium flavum Cranz, Yellow Horned-poppy, another southern 
plant. Material both as seed and mature plants was limiting to some ^
extent for all five species, but in particular there were shortages of seed 
for Mertensia^ and Limonium and of plants for Glaucium.
A brief ecological description of these five species is also given in 
Chapter 2 together with those for several other coastal species for
1 - The generic name only is used for brevity throughout except in cases • where confusion might otherwise occur.
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comparison. The distribution of each plant is compared with temperature 
data and any apparent correlations between the two are noted.
Some of the possible stages in the life cycle of the plants at which 
temperature may be restricting the distribution were then investigated.
One such stage is seed germination, and Chapter 3 comprises an accoimt of 
the effect of a range of experimental temperature regimes on this. All 
species were tested under constant temperature conditions, and some 
additional alternating day and night temperature experiments were carried 
out on Ligusticum and Crithmum.
The main part of the work is concerned with the longest stage in the 
life cycle of these species; as mature plants. The effect of temperature 
on the roots of such plants was investigated when the plants were in their 
winter condition. Chapter 4 deals with the way in which the respiration 
rate of the plants responded to a range of experimental temperatures after 
each of a variety of different temperature pretreatments. Root 
respiration rates are particularly important to a plant in its winter 
condition since there are few or no leaves to replenish carbohydrate 
reserves by photosynthesis, and even where leaves are present, light levels 
may not be adequate for a net gain of cai"bohydra.te. Thus loss of stored
carbohydrate by winter respiration is very important to the plant and may 
become critical if the temperature rises, leading to a higher rate of 
respiration and faster loss of reserves.
Some limited information on whole plant growth and response, to 
temperature is recorded in Chapter 5» sJid Chapter 6 details analyses 
carried out to obtain data on the carbohydrate status of the roots after 
various temperature pretreatments. Chapter 7 serves as a final discussion 
of all the work together and this leads to the final conclusions.
6CHAPTER 2
CORRELATION OF DISTRIBUTIONS OF COASTAL SPECIES WITH 
TEMPERATURE DATA
INTRODUCTION
The correlations between distribution and temperature for certain 
British species pointed out by Seddon (1971) and based largely on the 
distribution maps and isotherm overlays of. the 'Atlas of the British Flora'
(ed. Perring and Walters, 1976) were mentioned in Chapter 1. In this 
chapter, data have been extracted from the 'Atlas' for exclusively coastal 
British species which show northern and southern distribution limits, and 
these have .been tabulated together with additional relevant information 
and world wide distribution where available; introduced, doubtfully native 
and very rare species have been omitted. This selection has resulted in 
a list of 43 species, of which, in Britain, 7 are northern (with a southern 
limit to their distribution) (Table 2.1) and 36 are southern (with a northern 
limit to their distribution), (Table 2.2).
Of the species listed in the Tables several were chosen for more 
detailed description as examples of the various categories of apparent 
temperature limitations on distribution, and all the five species studied 
in more detail in work of later chapters are included. The survey made in 
this chapter confirmed the validity of the prior selection of Ligusticum 
scoticum and Crithmum maritimum as good examples of northern and southern 
coastal species for investigation, and resulted in the later inclusion in 
the study of Mertensia maritima (northern), and Limonium binervosum and 
Glaucium flavum (both southern)•
The species included in the Tables were selected by consideration of 
the distribution maps, and each distribution was subsequently compared with 
the isotherm overlays from the 'Atlas' showing the mean January and July 
temperatures and the mean February minimum temperature. The isotherms 4
used in the preparation of the overlays in the 'Atlas' were however prepared
j
■I
7from Meteorological Office data for the years 1901-1930 (Meteorological 
Office, 1932) whereas the distributions on the maps are divided into pre- 
and post-1930 records. The latter have most relevance to present day 
distributions so the temperature data of the 'Atlas' are not strictly 
applicable to the mapped distributions. Temperature data are however if
available from records of individual meteorological recording stations 
for the years 1931-1960 (Meteorological Office, I963) and the records for 4
coastal stations have been used in the present study to malœ valid 4
comparisons with the earlier isotherms at the coast. The 1931-1960 
average temperatures for the coastal stations have been added to the 
isotherm maps, in Fig. 2.1 for January mean temperature, and in Fig. 2.2 
for July mean temperature. Both these Figures fold out at the end of 
this chapter (after page 40 ). These maps show that the change in mean 
January temperature from the 1901-1930 to 1931-1960 periods has been a 
decrease of one or two degrees Fahrenheit^ round the entire British coast 
with least change in western Scotland. A similar comparison of the July 
mean temperatures shows that the south and west coasts of Britain have, 
in the main, similar temperatures over the two periods while those on the 
east coast, from the Thames estuary to eastern Scotland, are consistently 
one or two degrees Fahrenheit higher in the 1931-1960 period. That 
temperature changes of this magnitude could be relevant to the present 
study is shown, for example, by Firbas and Losert (1949) who found that a 
1^0 temperature decrease resulted in a 100 to 200m reduction in the level 
of the tree line, and by Lamb (I967) who pointed out that the limit for 4
growth of vines moved 280 miles south for a 1®C temperature drop.
In considering the influence of changes in seasonal temperature on 
distribution over a period of years it would be expected that changes which 
resulted in the loss of a species from an area would be more obvious than 
those which created a potentially extended range for a species since the 
colonisation of new areas by a plant is usually a much slower process than
1 - ^F used since isotherms on overlays in the 'Atlas' are in °F.
the loss of plants. Some changes in distribution between'the periods 
I90I-I930 and I93I-I960 resulting from the coastal temperature changes 
discussed above are given in the detailed information on typical northern 
and southern species later in this chapter.
The following two sections, which cover northern and southern species 
respectively and include the relevant Tables and detailed descriptions 
referred to above, aim to correlate distribution and temperature for 
individual species in Britain. It has only been possible to attempt 
correlation between temperature and distribution for the European or world 
range of species in a few cases, partly throu^ sliortage of comparably 
detailed temperature data, and partly due to non-comparable methods for 
mapping of distribution used by different authors.
The sources used for compilation of the Tables are as follows: 
ed. Perring and Walters, 1976 - all species.
Clapham, Tutin & Warburg, 1962 - all species.
ed. Tutin, 1964, I968, 1972, 1976 - not monocotyledons.
Fitter, 197& ~ not grasses, sedges etc.
Hulten, 1958 - various species.
Huiten, 1961 - monocotyledons.
Hulten, 1970 - dicotyledons.
Hulten, 1971 - various species.
Meusel, Jager and V/einert, I965 - various species.
NORTHERN SPECIES 
A. General Considerations
The 7 'northern* species listed in Table 2.1 are those which, from 
data given in the 'Atlas of the British Flora' (ed. Perring and Walters, 
1976) appear to have a southern limit to their distribution in Britain.
Of the northern species considered in the Table all except 
Elymus arenarius (see below) have the southern limit of their British 
distribution well defined by one of the July mean temperature isotherms. 
Ligusticum scoticum, for example, grows only where the July mean 
temperature is 59°F (15*0^0)^ or less. Similarly, Mertensia maritima and 
Blysmus rufus are both limited by the 6o°F (15«5°C) July mean in Britain.
Elymus arenarius does not appear to be a strictly northern species 
in Britain, though it does decrease markedly in frequency in the south of 
England. It has been widely planted as a sand binder and was once 
protected by law in both Scotland and England (Arber, 1934, p.339)* It 
is clearly a northern species when its whole European distribution is 
considered, only extending south as far as the Cherbourg peninsula of 
northern France and continuing to 71^N in northern Scandinavia, (Bond, 1932) 
In France, the southern limit of this distribution correlates with a 
January mean of 6^0 (42.8^F) and a July mean of 17^0 (62,6*^ F) (temperature 
data from WalLen, 1970).
A more detailed description follows of Ligusticum scoticum and 
Mertensia maritima, both of which have distributions of the typically 
northern type in Britain. Both species are included in the studies of 
the present project described in later chapters.
1 - ®F used with in brackets since this is the form used in the Atlas and its map overlays.
<MI
W<D
I•HO
I
CQ
♦H
S
I
cS
'O' OII<DIi
"g k  ^m «*o
Ü CO CO hsEH
w*d
ca
01Ira
.aioo
§
*css
I to 11
p *H.a go*paW IQ 0 •Pi to
• *ds
*C5 (7nIS0Ii*p
•||S
S .1dP 53 S
I
BI•HI
10I
oP4
w'd!lA
■d
'33
flilO 0 U P
nii
^ §'d MP 0 to•PPi .* m 0 "H *doo nj 0 CO 0 
o Ü dfellÜ pi Ü H P CO (-3 M H <44
a coÜ 1S^SP'?0 'd0 g *^ ra ‘d<   ^o•d doo cO 
Ü S 01 O’^  I Sp a h)p o
•H ■ll
§I
§
oà •
CO <D
5c
k  *• 0 <%!:0  K \ p  S  Pj p•H [tj 44 •<P  *d w ** 0 ritoo , P c3
ro p Ü p»dP H
I
P
IIII
K\
SiK^  (jm {Xi O
LTv O
I
CO
I
*dI
'd
P
to;l
vH
O
to
'"3,1
I m 3
•H # 10
S'’%'.•P•o"d o. d g K\*H ^
P < ^ d  U 
A<oi
p hj< Ü
I
§
f eII
I
I
%
1
0
(Q0■ëa
t\J
d
/A"
I
1Ü
I
m0*8a
I
I
(Q0-g&
d J § §
• itil•H f4 ’HoJS bo 0 rH
3 S?|H d a w0 - 0 d d 0 d d Oddn i• fx, 0 Ch
0 OJ a t!5 d _ 0
^5.S||?- «H d H d • rl Â
I%
■s
e< o f>5
fl'âa-
HO ^ d A (0<- 0-0 0 0<- ^ U.O O O *H»H P H B OtO
I
VO
11
"3'3d 0
.'i
• d
T §r- CT\ bO
o œ piH aS.-e S
-p S d ^
0 bO to 05.9^0 hd•p 0 p
•H d H O H P  0 < 0  d  P
1 1 1 1 1
a «# d P o dT— OJ
•iAÎ.'Ç; I.,- -ihy. •'.■,
12
B• Detailed Consideration of Typical Species
a. Ligusticum scoticum L» (Haloscias scoticus(L«)Fr>), Family 
Umbelliferae, Scottish Lovage*
;.'Î
.4
This plant, shown in photo 2.1, has bright green, biternate shiny 
leaves the petioles of which ai’e often tinged dark red. The flowers of 
the compound umbels are usually white but may be pink, and are found 
from July to September in Scotland. The single seeded fruits are ripe 
by October or November and the plant dies back to ground level for 
overwintering. Growth recommences in late March or early April, as soon 
as there is a period of warm v/eather. The perennial rootstock is stout 
and long and the whole plant has a characteristic taste and smell when 
crushed. The leaves were formerly used as a vegetable or pot herb. In 
common with other perennial cliff plants Ligusticum is sensitive to 
grazing (Goldsmith, 1975)*
L*scoticum is usually a plant of cliffs and rocky shores in the 
north of Britain, though it is occasionally found on shingle and sandy 
beaches and in such man made habitats as harbour walls etc. It is 
exclusively maritime throughout its range with the exception of Green­
land where it is also found "in heath vegetation some distance from 
the sea", (Bocher et al, 1968).
In Britain L.scoticum is found northwards from Kirkudbright and 
Wigtownshire on the west coast and from Northumberland on the east 
coast. It is also found in north and west Ireland, and throughout %
Britain the southern limit of the distribution (Fig 2.3) shows a close 
correlation with the 38° or 39°F (14,4°C or 15*0^0) isotherms of July 
temperature for I90I to 1930, (Fig* 2.2 after page 40 )•
The apparent slight retreat of the species northwards in Northumber­
land since 1930 shov/n in Fig 2.3 may be attributable to the increase in 
mean summer temperature on this part of the coast from 1901/1930 to 
1931/1960 discussed on page 7 . I n  Fife where the.species is near 
to the present southern limit in Britain, those plants which are found 
on northern and eastern facing parts of the shore appear to grow larger 
and to be generally more robust than those growing on shores with a 
southerly aspect.
. '1 » A f _ - ' ' . ■ - • _ I - ' * - 'i  ^ L '__■_ _ ‘ - i'J '_-Ii__: ' •__j'i'  ^-i' ïj: A _ ■ ' -• ■•‘■-.r.a ' * • _ ' ' ° Ilf  ^ _■ l-> Ï ' ' - 'J • \ .
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I  Europe l.scoticum is found northwards from Denmark to the Arctic 
circle though there are only 2 recorded stations on the Baltic, (ed Tutin 
et al, 1968)0 Overall it has a cireunipolar distribution, being found in 
Iceland, Greenland, and North America, with a subspecies 
Loscoticum ssp. hulteni in Alaska and Siberia, (Huiten, 1938, map 276). |
Loscoticum is naturalised in New Zealand.
The distribution in Europe also shows reasonable correlation with 
the 15^0 July mean temperature isotherm as mapped by Fitter (197&) (based 
on Wallen, 1970) for north and west Europe. The sm3.ll scale of the map 
however makes accurate correlation difficult.
b. Mertensia maritima(L»)S.F* Gray; family Boraginaceae.
Oyster Plant, Sea Lungi'fort, Northern Bhorewort.
This is a trailing plant (photo 2.2) with grey-green fleshy oval 
shaped leaves v/hich have a salty fishy taste not unlike that of oysters.
The pink or blue flowers are found from May to August and the resulting 
seeds are contained in black inflated nutlets. The black rootstock 
produces numerous new shoots each year which die back in late autumn 
to below ground level, and start to g70w again in March or April (Scott,
1963a). The plant is able to tolerate being buried since it readily 
produces new shoots from its numerous underground buds.
Though usually found growing on shingle above the drift line;
M.mantima is also occasionally found in sandy habitats. The distribu­
tion in Britain formerly extended from Anglesey and Norfolk northwards, 
and this v/as closely correlated with the 60^f (13*3^0) July mean |
isotherm for I90I to 1930. However, the present distribution is much 
reduced and it now only extends as far south as Lancashire and Aberdeen­
shire, as shown in Fig 2.4. This reduced distribution can be directly |
attributed to the shift to higher summer temperatures from 1931 to I96O, 
especially on the east coast (shown in Fig 2.2 and discussed on page 7 ).
Overall the distribution of M.maritiraa is circumpolar and very
14
similar to that of Ligusticum scoticumo In Em*ope it is found on the 
coasts of Denmark, Norway and NW Russia though it is absent from the . |
Baltic, (ed Tutin, 1972), and extends to Spitsbergen, Iceland, Green­
land and North America* In NE Asia M.maritime is replaced by 
M.m.ssp asiatica though there is some doubt as to whether this should 
be a subspecies or a separate species (Huiten, 1938, map 273)« In 
Alaska and Greenland M.maritime seems to be advancing northwards, very 1
slowly, as the polar ice cap retreats and,- as in Britain, it has become 
extinct in places in Europe and probably also in America and Asia, at 
the southern limits of its distribution (Scott, 1963a).
J
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Photo 2.1; Ligusticum scoticum, a typical large plant 
at Portsoy, Banffshire, July 1976.
Photo 2.2: Mertensia maritima in typical shingle
habitat, Skaill Bay, Orkney, June 1977<
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306/1
LIGUSTICUM  
SCO TICUM  L.Lovas*
•  1930 onwards 
o Before 1930
ÎTG. 2.3î Distribution of ligusticum scoticum in Britain.
permission of the Botanical Society of the British Isles, taken from their 'Atlas of the British Flora', and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
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MERTENSIA  
MARITIMA ’ f 
(L.) Gray
Oystar Plant
«1930 onwards 
o Before 1930
FIG. 2.4: Distribution of Mertensia maritima, inBritain.
By permission of the Botanical Society of the British Isles, taken from their ’Atlas of the British Flora’, and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
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SOUTHERN SPECIES 
A* General Considerations
The 36 ’southerrf species listed in Table 2.2 are those which have 
a northern limit to their distribution in Britain as indicated by the 
maps of the ’Atlas of the British Flora* (ed* Perring and Walters, 1976).
There appear to be two clear groupings which can be made of the 
southern species on the basis of their British temperature limitations*
The first category includes those species with a winter (January or 
February) temperature limitation, and the second, those with a summer 
temperature (July) limitation* Species with dual summer/winter temp­
erature limitations and those with no cléar temperature effect have 
been included in a third category*
The most extreme examples of plants which have a winter temperature 
limitation are those such as Lavatera arborea which will not tolerate 
frost (Okusanya, 1976). Others such as Crithmum maritimum,
Calystegia soldanella and Eryngium maritimum all show restriction by 
winter temperature though it is not certainly knoim whether frost is 
damaging to these plants to the extent of limiting their distribution, 
though Malloch (1970) did find that seedlings of Crithmum mailtimum were 
killed by frost which left older plants unaffected*
The second type of distribution seems to depend on summer temperatures, 
expressed here as July means, exceeding a certain critical level*
Beta vulgaris ssp maritima, Halimione portulacoides, Limonium vulgare 
and Agropyron pungens all belong to this group and have limiting July 
mean temperature isotherms between 57°F (13*9°C) and 59°F (15*0^C), 
though the mechanism acting to restrict the plants is not clear for 
any one* A parallel might be drawn here with the temperature limita­
tion on seed set in Cirsium acaulon in Derbyshire where it is at the 
northern limit of its range (Pigott, 1968)*
The third grouping includes those plants which can only be 
described as generally southern with no clear single limitation, some 
of which may have a combined winter and summer temperature limitation* 
Species such as Cochlearia anglica. Inula crlthmoides and
19
Pucciellia rupestris have no well defined temperature limits, while 
possible dual limitation by January and Ju3.y mean temperatures is 
exhibited by limonium binervosum (discussed below) and 
Euphorbia portlandica. Here there is a similarity with the observa­
tions of Iverson (1944) on the dual temperature limitations on 
Ilex aquifolium,,Hedera helix, and Viscum album, and the good 
correlation between fossil finds of these plants and the projected 
contemporary climate for the relevant regions.
Two species from each of the first two categories, and tliree of 
the third group are considered below in detail as examples. The 
southern species, Crithmum maritimum, Limonium binervosum and 
Glaucium flavum, which were subjected to the experimental investiga­
tion described in later chapters are included.
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B» Detailed Considerations of Typical Species j
1* Winter Temperature Limitation 
8.# Crithmum maritimum L.^ Family Umbelliferae> Rock Samphire* %
The fleshy finger-like leaves of Critlimum are much divided and of 
a bright green to grey-green colour* The plant produces its yellow 
green compound umbels from July to September and the somewhat corlcy 
single seeded fruits are ripe in late October or early November* Seed 
set in Crithmum appears to be dependent on summer temperature conditions. Ï
Okusanya (1976) found that viable seed was only obtained in North Wales 
and Cumbria, near the limits of its range, after the particularly warm ?|
- isummer of 1975, though further south (South Wales and SW Egland) viable S
seed was set in every year studied (1973 to 1973)* Many of the leaves
of the plant die back for the winter leaving the long woody rootstock 
underground* The whole plant has a characteristic taste and smell and 
the leaves used to be made into a pickle with spices and vinegai’* Photo 
2*3 shows the plant in November*
C»maritimum is found on cliffs and rocky shores in southern and 
western Britain, replacing Ligusticum scoticum in the south and over­
lapping with it in south and west Scotland* The distribution of
C# maritimum is shown in Fig* 2.5 and this can be compared with Fig 2*3
to show the complementary distribution of L* scoticum. Crithmum, however 
is absent from much of the east coast of Egland only reaching a few 
isolated localities in Suffolk. It is found all round the Irish coast*
This distribution in Britain coincides very closely with the 40^F (4.4°c) 
January mean isotherm and also with the mean February minimum isotherm 
of 35°F (1.7^C) but it is not clear which of these low temperatures is 
likely to have the most detrimental effect on the survival and distri­
bution of the plants* From the information given in Fig 2,5 it would 
appear that the distribution of c * maritimum has changed little betvæen 
the two periods, 1901/1930 and 1931/1960, but it should be noted that 
the greatest changes in winter temperatures between the two periods 
(Fig. 2.1 and discussed on page 7 ) ere on the east coast, north of
the limits for Crithmum.
'
1
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photo 2*3: Crithmum maritimum on limestone cliffs,
Great Orme, Gwyedd, November 1976.
'r
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In Europe, Crithmum is found on the Atlantic coast from France 
southwards, and all around the Mediterranean sea, (ed. Tutin, I968)*
b* Spergularia rupicola Lebel, family Caryophyllaceae, Cliff
Sand-spurrey.
This trailing perennial has a woody, stout rootstock and linear 
acute fleshy leaves. The flowers are pink and are found from June to 
September, and the small black seeds, contained in a capsule, become 
ripe by November. The plant seems to be easily propagated from seed 
since it *appeared♦ in the collected sample of Crithmum maritimum 
plants in the absence of any whole plant material.
In Britain, S. rupicola is found on walls, cliffs and rocks on the 
south and west coasts from Hampshire to the Outer Hebrides and around 
most of the Irish coast, as shovni in Fig. 2.6. The 40°F and 41 f^ (4,4° 
and 5*0°C) January mean iemperature isotherms bound the limits of the 
distribution of the plant in Britain with a good degree of correlation, 
and summer temperature appears to play no part in this. Okusanya (1976) 
included this plant in hj.s study and suggested that frost intolerance 
v/as limiting its distribution.
In Europe, 8. rupicola is found from North France southwards to 
Spain and Portugal, (ed. Tutin, 1964).
2, Summer Temperature Limitation
a. Halimione portulacoides (L.) Aell., family Chenopodiaceae,
Sea Purslane.
This small shrub has decumbent stems with ascending branches and 
mealy, variably shaped leaves. The.flowers malce up a dense compound 
inflorescence and are found from July to September. The fruit is ripe 
between September and November.
In Britain, H, portulacoides is found in the higher part of salt 
marshes from Northumberland and V/igotv/nshire southwards and around the 
south and east coasts of Ireland. This distribution is shov/n in Fig 2,7
4
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and the 58°F (14#4°C) July mean isotherm is found to he limiting with 
good correlation. Chapman (1950) suggested a limitation by 60°F (15*5°C)
July temperature in Britain and by 60°F August temperature in Europe 
where the plant is found on all coasts south of Denmark and also on the 
Baltic sea. He also suggested that H. portulacoides is restricted to 
areas where the average annual temperature is greater than 50°F (10.0°C). /
It is also found in North Africa, Asia Minor and South Africa, and has 
been introduced to North America,
bft Limonium vu].gare Mill*, family Plumbaginaceae, Sea Lavender.
The blue-purple flowers of this salt marsh plant are found from July 
to October on the large spreading inflorescence which arises on a single 
upright peduncle from the rosettes of elongate leaves. The plant is a
perennial and has a deep tap root and branched woody stock.
The distribution of L. vulgare in Britain extends southwards from 
Fife and Dumfries as shown in Fig. 2,8, and it has its limit between the i
59°F and 58°F (15.0°C and 14,4°C) July mean isotherms, Fig. 2.2 (page 42).
It is absent from Ireland, Boorman (196?) states that there is little 
evidence of damage by adverse winter weather in Britain but he points out 
that the plant has a narrow altitudinal range of Ira and suggests that 
this may limit the distribution, A further possibility is that L» vulgare 
has a minimum temperature for successful seed set in the summer, which may 
explain the lack of limitation by winter temperatures. The plant is sus­
ceptible to trampling and grazing and is intolerant of pollution and
drought, however, L. vulgare was observed by Boorman (19&7) to be little 
affected by the severe winter of 1962/63,
The overall distribution of the plant is West and South Europe, to 
S.W, Sweden (ed. Tut in 1972), It is also found in North Africa and North 
America.
30
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B  29S/1
C R ITH M U M  
M A R IT IM U M  » L
Rock Samphire
1930 onwards 
o Before 1930
:-iT
FIG. 2.3: Distribution of Crithmum maritimum inBritain.
permission of the Botanical Society of the British Isles, taken from their ’Atlas of the British Flora’, and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
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B 143/3
SPERGULARIA 
RUPICOLA  
L*b*l
•  1930 onwards 
o Before 1930
FIG* 2.6; Distribution of Spergularia rupicola in Britain. :
By permission of the Botanical Society of the British Isles, taken from their *Atlas of the British Flora», and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
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B t  1S7/1
H A L IM IO N E  
P O R TU LA C . ♦ 
OIDES  
(L.) Aailen
Pur*l«n«
» 1930 onwards 
o Before 1930
i
'i
FIG* 2*7: Distribution of Halimione portulacoidesin Britain*
By permission of the Botanical Society of the British Isles, taken from their 'Atlas of the British Flora', and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon*
B 365/t
L IM O N IU M  
VULGARE  
Mill.
Sea Lavender
•  1930 onwards 
o Before 1930
FIG. 2*8; Distribution of Limonium vulgare in Britain. \
By permission of the Botanical Society of the British Isles, taken from their 'Atlas of the British Flora', and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
 -1^.-....:.-
3* Winter and Summer Temperature Limitations
a* Limonium binervosum (G.S.Sr u) G.E. Sa].mon, family Plumbaginaceae,
Rock Sea-Lavender.
This plant is very similar to L. vulgare (2, above) but is a 
generally smaller plant with leaves of very variable shape* The small 
violet-blue flowers are found from July to September and result in small 
narrow reddish-brown seeds*
L* binervosum grows on cliffs, rocks and stabilised shingle in the 
southern part of Britain from Wigtownshire round to LincoDjishire and 
around much of the Irish coast as shovm in Fig* 2*9* It is also found 
on the Atlantic coasts of France, Spain and Portugal in Europe *
In Britain, though the distribution is undoubtedly southern it shows 
no direct limitation by winter or summer temperatures alone* The limits 
on both west and east coasts can apparently be defined by using a combina­
tion of the January and July mean temperatures* It is found where a simple 
addition of these figures yields a value of about lOO^F or 20#0°C or 
greater* For example the limit in Northern Ireland has a Januaiy mean 
of 43°F (6*1^0) and a July mean of 37^F (13*9°C), that in south west 
Scotland a January mean of 41/42°F (5*0/5*5^C) and a July mean of 38/39°F 
(14o4/'13*O^ C) , and that in Lincolnshire a January mean of 39/4o°F (3*9/ 
4*4°C) and a July mean of 60°F (13*3°b),(taken from the isotherms on 
Figs* 2*1 and 2*2)*
The fact that L* binervosum is found only on the Atlantic coasts of 
Europe suggests that there may also be a combined temperature maximum 
limit, though Boormdn (19&7) states that it can withstand considerable 
drought.
b* Glaucium flavtmi Grans, family Papaveraceae, Yellow Horned-poppy.
This is a perennial or biennial plant with a rosette of glaucous 
divided leaves and a deep stout tap root which is poisonous, (Polunin, 
1969)* The flowers which are large with four roundish yellow petals are 
found from June to September and the resulting capsules are long and horn 
shaped, giving the plant its name*
As shown in Fig* 2*10, the post-1930 distribution of G* flavum in 
Britain extends from Argyll and Northumberland southwards, though it was
35
formerly found as far north as Shetland, and around all but the northern 
coasts of Ireland# Both summer and winter temperature appear to have an 
influence on the distribution of the plant which is approx3.mately limited 
in the north by the 57/38^F (13#9/14©4°C) July mean isotherms* However, 
on the east coast alone, the winter temperature appears to play an impor­
tant part :m the limitation of its distribution, since before 1930 
Glaucium extended to where the mean January temperature was 39/40^F 
(3*9/4*4°C) and since then its range has receded in keeping with the 
general changes in winter temperature discussed on page 7 and shovm 
dn Fig* 2*1* The present northern limit of this plant on the east 
correlates with January mean temperatures for 1931/19^0 of close to 39°F
(3 .9 °c ).
In Eurojje, G, flavum is found from southern Norway and Sweden south­
wards to its main centre of distribution, the Mediterranean sea# It 
extends up some rivers in France, Spain and Portugal and is found 
naturalised inland in central Europe and the east Mediterranean (ed#
Tutin 1964)* The plant is naturalised in New Zealand and North America*
Scott (1963b) observes that frost may cause some blackening of the 
leaves but that slight frost has little effect and also that the plant 
is very resistant to drought though this may affect size and performance* 
The observation on frost susceptibility gives some support to the indica­
tions of cold intolerance suggested by the temperature data discussed above. 
However, chspite the severe weather in January and February 1979,
Glaucium flavum plants in St* Andrews Botanic Garden still retained healthy 
looking inner leaves and buds up to March 1979, though most of the outer 
leaves had died back* This behaviour may not reflect accurately tha.t of 
the plant under more natural conditions*
c» Inula crithmoides L*, family Compositae, Golden Samphire
The stem and leaves of this plant are glabrous and fleshy and borne 
on a branched woody stock* The flower heads have numerous ray-florets 
which are golden yellow around the orange-yellow disc-florets* The plant ^
is in flower in July and August*
" î
I. crithmoides is found on salt marshes, shingle ban].ts, cliffs 
and rocks around the coast of Britain from Essex to Wigtovmshire as 
shown :ln Fig* 2*11 and also in soulhand east Ireland* In Europe it is 
found from France to the Mediterranean and west Asia, and also inland 
in east Spain (ed* Tutin 1976)* There are no clear cut limitations to 
the distribution in Britain' from the temperature data* The nearest 
close limitation being by the 35/36°F (1*7/2*2°C) February minimum 
isotherm* On the west coast there is also good correlation between the 
July mean isotherms of and 39^F (14*4°C and 15*0^C) and the distri­
bution of I» crithmoides, however, on the east coast 62*^ F (16*7°C) is the 
limiting July temperature* No firm conclusions can be drawn from this on 
the part which temperature plays in restricting the distribution of this 
plant, and the only clear fact is that I* crithmoides is a southern species 
in Britain* Okusanya (1976) suggests that seed set is possibly a limiting 
factor in the north for this plant*
37
j
L IM O N IU M  
BINERVOSUM  
(G. E. Sm.)
C. E. Salmon 
sensu loto
Rock Sea 
Lavender
» 1930 onwards 
o Before 1930
I
&
FIG# 2.9: Distribution of Limonium binervosum inBritain. :
By permission of the Botanical Society of the British Isles, taken from their 'Atlas of the British Flora', and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon. f
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B  61/1
GLAÜCiUM  
FLAVUM  
Crantz
Ttllow 
Horned-poppy ,
o 1930 onwzrdi 
o Before 1930 
X CuutI only
FIG* 2.10: Distribution of Glaucium flavura in Britain. " "
By permission of the Botanical Society of the British Isles, taken from their ‘Atlas of the British Flora‘, and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station, Huntingdon.
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IN U L A  
C R tTHNOIDES •
Golden Samphire 
•  1930 onwirds 
o Before 1930
FIG, 2.11; Distribution of Inula critbmoides in Britain.
By permission of the Botanical Society of the British Isles, taken from their 'Atlas of the British Flora', and updated by the Biological Records Centre, Institute of Terrestrial Ecology, Monks Wood Experimental Station Huntingdon.
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CONCLUSION
The studies of distribution in relation to temperature for British 
coastal species in this chapter have shown that the limitation on north- 4
ern species is probably an intolerance of higher summer temperatures, 
and their southern limits correlate well with July mean isotherms. The 
two most readily obtainable and interesting species in this category 
v/ere chosen for the physiological studies of later chapters:
Ligusticum scoticum because it was reasonably plentiful around St.
Andrews, and Mertensia maritime because some material at least was 
obtainable.
The northern limits of the southern species fall into the various 
categories discussed in the chapter, and the species used in later 
study were chosen from those considered in detail for a variety of 
reasons* Critlimum maritimum, a species limited by winter temperature, 
was chosen because it was of the same family as Ligusticum, complement­
ary in distribution to it, and was fairly readily obtainable.
Glaucium flavum and Limonium binervosum were chosen because some
material was available in Botanic Gardens at St* Andrews and Edinburgh 
for these rather less common species, thus.avoiding much collecting 
from the wild.
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CHAPTER 3
THE EFFECT OF TEMPERATURE ON SEED GERMINATION 
OF COASTAL SPECIES
INTRODUCTION
Seed of any species has its own individual-requirements before 
it will germinate, and optimum germination often requires a very 
closely defined set of conditions# These conditions are of great 
importance to the plant in an ecological sense: they may play a 
direct pa.rt in determination of the distribution of the plant, 
especially in annual or short lived species, or they may have a 
subsidiary role in longer lived or essentially vegetative species#
Much work has been done previously, characterising the germ­
ination requirements for a variety of species, especially the southern 
and cultivated ones studied by Thompson (1973» 19?4a, 1974b) which 
include Agrostemma githago L., Lycopus europaeus L#, Silene dioica (L.) 
Clairv., Clarkia unguiculata Lindl# and Apium graveolens L.# In all 
these species temperature plays a direct regulatory role on 
germination, though in different characteristic ways# Some need 
constant temperatures, some widely fluctuating ones, and others 
require a low temperature period before any germination will occur#
In some cases however, the temperature requirements for germination 
may be less demanding or they may change with varying lengths and 
conditions of storage# Light has also been found to affect the 
germination of some species as shown, for example, by the work of 
Popay and Roberts (1970a & b) on Senecio vulgaris L# and Çapsellâ 
bursa-past oris (L) Medic. Information on light requirements has 
most practical relevance for crop plants where the seed may be 
buried, in contrast to the natural state where the seed usually 
just falls to the ground#
There are so many different categories into which seed 
germination types can be grouped that generalisations are usually 
of very little use# Categorisation may be applicable where groups
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such as crop plants are being considered or when there is some 
specific purpose to the investigation, as in the present project, 
where comparison of the germination characteristics in relation 
to distribution and its limitation by temperature are being made# 
Several authors have determined germination characteristics 
of northern and southern plants and have related these to their 
distribution limits with some important conclusions* Billings 
and Mooney (1968) have pointed out that arctic plants often have 
a higher temperature optimum for germination - between 20  ^and 30 C^
than alpine or temperate plants. This is of ecological importance
to the plants since these iemperatures are only reached in arctic
latitudes in late spring and early summer so that the establisliment
of seedlings is possible before the onset of winter# Conversely,
Thompson (1970) observes that Mediterranean species show a marked
adaptation to rapid germination at low temperatures, which reflects
the advantages of seedling establishment in the cooler part of the
year when drought is not a problem# Seed of southern species tends
to germinate in spring or autumn or in both seasons, and there may
even be further safeguards against a ’bad* season such as a gradual
release of seed dormancy over several years*
Where a plant has a very wide range of distribution it is often 4
found that there is a moderate degree of ecotypic variation which is
also reflected in the temperature requirements for germination of seed
from different ecotypes. Thompson (1973) found variations between/
different, populations of Agrostemma githago in their germination res­
ponses, though these were only statistically significant between 
populations from the extreme ends of the distributional range#
Of the plants investigated in the present study, the germination 
of both Ligusticum scoticum and Crithmum maritimum has previously been 
studied by Okusanya (1976), though this work only came to my attention 
after completion of most of the experimental work described in this 
chapter and is complementary to it# The findings in lelation to 
temperature are similar to those of the present study; however,
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additioneO. information on germination performance in sea-water was also 
obtained with particular reference to Critlimum (Okusanya, 1977)•
Also indirectly relevant to the present study are the observations 
collected by Ridley (1930) on the ability of fruits and seeds of some 
of the species included to float and retain their viability in sea-water, 
The pericarps of Crithmum float for up to one year, and those of 
Ligusticum for two to three months; the inflated nutlets of Mertensia 
maritime, also float and all three species may be effectively dispersed 
in this way with the associated influence on their distribution# 
Morphological and temperature data on the germination of 
Mertensia and Glaucium flavum given by Scott (1963a and 1963b) adds, 
little directly to the present study and is referred to where relevant 
later#
1
...i
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Table 3«1 : Origins of seed used in germination experiments
Species
Ligusticum scoticum
Mertensia raaritima
Crithmum maritimum
Limonium binervosum
Glaucium flavura
Reference Code used in this Chapter
L*s*3 
L* s»9 
L.S.F76 
L,s,Is 
. L •s#St *A
Origin (with grid reference) and date of collection
Boar hills, Fife (NO 374131)20.10.1973
Fife Ness, Fife’i (NO 637098) 24.10.1973.-
Fife Ness, Fife. (NO 637098)
17.10.1976.
Port Ellen, Islay. (NR 372448)
1.9.1977.
West sands, St. Andrews.
(NO 303172) 18.10.1977.
L.s.Crail Caravan site, Crail, Fife.(NO 623079)2.11.1977
L.S.F77 Fife Ness, Fife (NO 637098)
2.11.1977.
M.m 4th Barrier, Orlmey (ND 481933)Aug. 1977
C.ra.1 Great Orme, North Wales (SH 749840)
13.11.1976
C.m.2 Merthyr-Mawr V/arren, Glamorgan,S. Wales. (SS 7683) 12.10.1977
L.b. Tregantle, S. Devon (SX 388327)
19.8.1977
G.f. Botanic gardens, St. Andrews,1673/72 originallyfî-om Prof.Tutin, Leicester as seed, B31/00N, V/olferton, Norfolk. 6.10.1977
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l^TERIALS AND MSTHODS
The seed used for the germination experiments was from a variety 
of sources as indicated in Table 3*1* Storage conditions varied 
considerably and are recorded for each individual experiment in the 
Results section* In this chapter the term ’seed* has been used tlirough- 
out though single seeded fruits were used for Ligusticum scoticum, 
Mertensia rnaritiraa and Crithmum maritimum and single seeds for
Limonium binervosum and Glaucium flavum, that is, the natural propagules 
for each species.
In all experiments Petri plates lined with V/hatm^ m No 3 filter 
paper were used, these being kept moist with distilled water. Each 
treatment consisted of two plates with 20 seeds in each unless stated 
otherwise; the few exceptions are noted individually in the Tables of 
the Results section. Sterilisation of seed with sodium hypochlorite 
was tried to reduce visible fungus infection, but it was found to be 
of no advantage. Effective sterilisation was particularly difficult 
in the two Umbelliferous species, Ligusticum and Crithmum, where the 
membranous coating of the fruit was infected and attempts at sterilisa­
tion apparently stimulated growth and appearance of the fungus.
In all experiments the start was considered to be the time when 
the seeds were first moistened with distilled water* Plates were kept 
in temperature controlled cabinets accurate to +^°C with no artificial 
lighting, and germination of seeds was recorded as having occurred when 
the tip of the radicle was clearly visible.
The percentage of seeds which had germinated by the time each S
experiment was terminated is referred to in the Tables of the Results f;
section as ’Final % germination*, and this value usually has increments 
of 2.3/0 which represents one seed in most experiments. An indication 
of the rate of germination is given by the number of days to the'first 
germination, the day on which the last germination was observed (that 
is ’days to final % germination’) and the number of days required for 
half of this final % germination. This last value is also used in the 
Figures to give an indication of the germination characteristics in a .i
form similar to that used by Thompson (1970)•
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Three types of investigation were made into the response of 
seed germination to temperature*
1# Constant temperature
Seeds were kept at constant temperatures ranging from 3^0 to 30°C 
(3^ intervals), thé length of each experirnient being determined by 
the rate at which the seeds germinated at any particular temperature*
If possible they were left until no further germination seemed likely, 
otherwise the longest, time available was used* Seeds were kept in the 
dark but were exposed to available laboratory or day light when removed 
for examination at in.tervals which ranged from one to three ^ ys*
The Results section and Tables detail the seed sources and actual 
treatments used; these did not always include all possible temperatures 
in the range of 3 to 30°C, because of limitations on availability of 
cabinets and amounts of seed.
2. Alternating temperatures
Temperatures of 2,6,10,14,18,22 and 26^0 were used and each 
treatment corresponded to seed kept alternately at one temperature 
(say x) for an 8 hour ’day* (9 am to 3 pm) and transferred to a 
different temperature (say y) which was lower except in two cases,
(2/6 and 2/26) for a 16 hour *night* (3 pm to 9 am). Bach treatment 
is referred to in the Results section in the form x/y, and this rigorous 
daily alternation continued for the 30 days of the experiment, with a 
less rigorous extension for Crithmum* Treatments were all kept in the 
dark except for transfer and examination as in 1 above.
Details of the actual treatments are given in the Results section. 
Sufficient seed was available for Ligusticum and Crithmum only, for 
this experiment.
3# Temperature and Light interaction
This experiment considered the effect on germination at 13^C 
of an initial cold period at 3*^C after moistening of the seed, with 
the additional variable light or dark conditions. Periods of 7 or 
l4 days at 3^C were used before transfer to a 13°C constant temperature 
cabinet for the remainder of the experiment. Controls were kept at 
13^C constant for the full length of the experiment.
, ■* C, . MW «■
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The *light* treatments were exposed only to available laboratory 
lighting when examined. It was decided not to employ a continuous 
light source since it is well knov/n that most light dependent 
physiological processes need only a very short exposure to light to 
initiate a response, (see for example Wareing and Phillips, 1970, 
pp.240-241). The parallel *dark* experiment, run simultaneously, 
excluded all light by keeping the Petri plates in light-tight, non- 
airtight boxes in the temperature cabinets, and by examining only in 
a darkroom using a green safelight.
Seed of Ligusticum, Crithmum and Glaucium was used for this 
experiment, and the full details are given in Tabd.e 3*8 in the 
Results section.
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RESULTS AND DISCUSSION
1. Constant températures
The five species studied bad different responses of germination 
to the temperatures in the range studied, (Tables 3*2 to 3*6).
Of the two northern species, considered initially irrespective 
of prior storage conditions, Ligusticum scoticum (Tables 3*2) has its 
most rapid and usually highest percentages of germination at a constant 
temperature of 20°C for most of the seed samples used. The day of 
first germination at 20^C was generally between 11 and 18 days and the 
percentages attained were between 4?*3?o and 100^ except in the case of 
L.s.Xs fresh seed (Table 3*2e) where only 7*3% germinated (but see 
below). By comparison the percentages of germination at 23°C are very 
much lower than at 20^C and are dovm to 0 or 2.3/^  in most experiments; 
the two exceptions are L.s.St.A and L.S.F76 with 60^ and germination 
respectively (Tables 3*2g and i). These differences in response of 
seed from different origins probably reflect some of the ecotypic 
variation in seed samples. This variation is again apparent when 
germination at 3°C is considered, percentages obtained being between 
2.3^ and 93^ though in one experiment some germination was still occurr­
ing up to the end of the experiment at 133 days (Table 3*2a), Many of 
the experiments for Ligusticum which were shorter than this showed 
germination at 3^C up to the time when the experiment had to be term­
inated, and it is possible that further germination might have occurred 
in some cases if the experiment had been allowed to continue. The long 
period at 3*^ C could be equivalent to natural overwintering, with 
germination taking place in * spring*• In these constant temperature 
experiments, seed kept at 10° and 15°C had very low percentages of 
germination,, never exceeding 12.39^  at either temperature for all seed 
samples except L.s.Is (Tables 3.2e and f), Tliis seed differs in its 
germination cliaracteristics from the other Ligusticum seed used, but 
it should be noted that this is the only seed which originated on the 
west coast of Scotland; all the other samples were from Fife (Table 3*1)*
........ _  ,
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For all Ligusticum seed samples (except L.s.Is, Table 3*2e) the final 
percentage germination is higher at 3^ and 20°C than at 10° an.d 15^0 
(and usually 23°C), and this general pattern is illustrated in Fig 3.1 
for three examples. The time taken at each temperature to achieve 
half of the final observed percentage germination is also recorded in 
the Tables and is plotted for the tliree examples in Fig 3.1* It is 
seen that this time decreases with increasing temperature, up to 20°C, 
(but when no germination occurred it was not possible to include such 
a figure).
The other northern species, Mertensia maritima, had low final- 
percentages of germination, never greater than 20^ (Tables 3*3)• No 
trends are apparent for thrLs species from the available data though 
temperatures of 10° or 13^0 and above seem to yield slightly higher 
percentages generally than 3^0. One of these results is represented 
graphically in Fig 3.2. Again as for Ligusticum higher temperatures 
reduce the number of days to reach half the final percentage of 
germination. Here it is relevant to note that Scott (1963a) only 
found germination percentages of about 20^ o at room temperature (mean 1 
17°C) after a variety of dry storage conditions, as in this experiment; 
hov/ever, after cold (2°C) and wet storage for 33 days, 9O/0 germination 
was attained in 10 to 12 days at i^ oom temperature.
The length of storage of seed and conditions of storage influence 
germination percentages of both northern species under constant 
temperature conditions to some extent, though results are variable.
In some cases germination improves with increasing time of storage 
as shown by L.s.Is seed (Tables 3.2e and f) and Mertensia seed (Tables 
3.3a and b), however the opposite effect, namely reduction in germina­
tion with storage, is found for L.s.9 seed (Tables 3.2a, b and c). 
Further experiments with more closely controlled storage times and 
temperatures would be needed to investigate this effect.
Of the southern species studied, Crithmum maritimum has much 
higher final percentages of germination at low temperatures than at 
high ones, (Tables 3.4). Germination is high, 30^ to 70?^ , at 3^, 10°
-■’■I"''
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and 13°C and only occurs at 20° and 23°C after storage for one year. 
Fig 3.3a shows this effect and also the decrease in time to half final 
percent germination from 5^ to 13^0 and the subsequent increase up to
I
"I23°C* There was no germination at 30°C. These results confirm those ^
of Okusanya (1977) except that he found no germination at 3^0 constant; 
however, his experiments lasted for only 7 weeks (49 days) which, in 
the light of present work, was barely long enough for germination at 
this temperature*
Glaucium flavum shows the same effect as Crithmum of maximum 
germination at the lower temperatures studied, however, the percentages 
attained were much lower, the greatest being 23^ at 3°C after storage 
for 13 weeks (Table 3.3h). The low percentages of germination of 
Glaucium have been commented on by Scott (1963b) who found that maximum 
germination was obtained by planting the seed on sand and leaving it 
outside for the winter, and that germination improved after the seed 
has been stored for three years. Fig 3*3h for Glaucium shows this low 
temperature preference and also the decreasing time to half final 
percentage germination with increasing temperature for the three 
temperatures where germination occurred.
Limonium binervosum gives consistently high percentages of 
germination (8y.3 to 97.390 at constant temperatures of 10° to 23*^ C 
with a slight reduction to 699o sit 30^C. Germination was very rapid 
for this species and was complete by day I3 of the 80 day experiment 
(Table 3.6). Since the original sample was possibly not fully mature . -j
when collected, it was unfortunate that not enough seed v/as available 
to test the effect of storage on germination of Limonium. Once again 
there is a decrease in time to h^f final percentage germination with 
increasing temperature (Fig 3.3c) though the differences are not so 
great as for the other species studied since germination was completed 
so much faster for Limonium.
While constant temperatures are almost never encountered by a 
plant in natural conditions in Britain (but see alternating temperature 
experiment below), these experiments do give an indication of the slight 
*preference* for higher temperatures by the northern species, and the
"vî
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definite *preference* for lower temperatures by the southern species 
for the germination of their seed. These observations are in 
accordance with the generalisations made on temperature and seed 
germination by Billings and Mooney (I968) for northern species and by 
Thompson (1970) for southern, specifically Mediterranean, species.
Table 3*
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Ligusticum scoticum. Germination at constant temperature.
Table 3*2a ; L.s.9» stored cold (0°C) and dry for 3 weeks. Experiment length 133 days.
Experimental temp. °C ^oCi) 10° 20° 23° 30°*
Final % germination 87.3 7.5 77.3 0 0
1st germination day 66 26 13 - -
Days to -J final % 133 27 21 - —
Days to final % 133
*30 (
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lays only
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Table 3.2b : L.s.9, stored cold (0°C) and dry for Experiment length 132 days. 3 weeks.
Experimental temp. °C 3° 10° 20° 23° 30°**
Final % germination 90.0 3.0 32.3 0 0
1st germination day 49 13 13 - -
Days to 2 final % 109 13 18 — —
Days to final % 123 30 40 ~ —
**4o days only
Table 3.2c ; L.s.9» stored cold (0°C) and dry for Experiment length 120 days. 26 months.
Experimental temp. °G 3° 10° 13° 20° 23°
Final germination % 12.3 0 0 63.0 ; 2 .3
1st germination day 98 — — . 14 57
Days to final % 103 — — 20 —
Days to final % 106 '«* — 48 37
(i) Germination still occurring at 3 C up to end of experiment. Further germination can not be ruled out.
Value not applicable.
55
Table 3.2 (continued) i Ligusticum scoticum. Germination atcôn^ant~TémperatïS'e *
Table 3.2d ; L.s.3, stored cold (0°C) and dry for 1? weeks.Experiment length 68 days.
Experimental temp. °C ^o(i) 10° 13° 20° 23°
Final % germination 93.0 0 7.3 82.3 0
1st germination day 44 - 21 13 —
Days to ^ final % 48 - 24 20 —
Days to final % . 68 - 26 42 —
Table 3.2e ; L.s.Is, used fresh. Experiment :length 8o days.
Experimental temp* °c 3 ° ( i) 10° 13° 20° 23° 30°
Final % germination 2.5 0 13.0 7.5 0 0
1st germination day 77 — 28 18 - -
Days to final % - - 38 28 “ —
Days to final % 77 - 66 29 — -
Table 3.2f : L.s.Is, stored dry at laboratory temperature (mean 1? C) for 14 weeks, then cold (0 C) and dry for 6 weeks. Experiment length 120 days.
Experimental temp. °C ^o(i) 10° 13° 20° 23°
Final % germination 33.0 12.3 37.3 47.5 0
1st germination day 76 67 32 32 -
Days to ^ final % 91 .68 49 4 i —
Days to final % 119 109 76 67
(i) Germination still occurring at 3^0 up to end of experiment. Further germination can not be ruled out.
Value not applicable.
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Table 3o2 (continued) : Ligusticum scoticum# Germination atbonstajrt^emperatiu’e • .
Table 3*2g : L,s.8t.A, stored dry at laboratory temperature (mean 17°C) for 8 weeks then cold (0 G) and dry for 6 weeks.Experiment length 120 days.
(i) Germination still occurring at 3°C up to end of experiment, Further germination can not be ruled out.
Value not applicable
Experimental temp. °G 3° 10° 13° 20° 23° ■ ! ■Ï
Final ^ germination 27*3 0 ■ 3.0 100.0 60.0 1
1st germination day 81 - 21 11 12
Days to ^ final % 91 - 21 12 23
Days to final % 111 - 29 18 48
Table 3*2h : L.s.Grail, tored dry at laboratory temperature (mean 17 G) for 6 weeks then cold (0 C) and dry for 6 weeks.Experiment length 120 days.
Experimental temp. °G 3° 10° 13° ‘ 20° 23°
Final % germination 17.3 2.3 0 97.3 2.3
1st germination day 81 23 — 12 32 1
Days to J final % 89 - — 17 1
■ii
J
Days to final % 106 23 - 29 32
Table 3*2i : L.S.F76, stored cold (0°G) and Experiment length 120 days.’ dry for 15 months.
Experimental temp. °c 50(1) 10° 13° 20° 23°
Final % germination 23.0 0 12.3 92.3 45.0 ■i
1st germination day 76 — 16 11 13 /
Days to final % 93 20 14 - 20 . i
Days to final % 119 - 22 33 34 %i
- L ... ..«Î» -L- . -.LL. Z'"': >ï % ' t ' ' -'r
- L y-    .^;- ..r
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3 .1 :  L ig u s t ic u m  s c o tic u m , g e rm in a t io n  a t  c o n s ta n t
te m p e ra tu re .--------------
F in a l  % g e rm in a t io n  ▼
Days to  §  f i n a l  % g e rm in a t io n  O
Where no g e rm in a t io n  o c c u rre d  th e re  i s  no v a lu e
f o r  ’ days  to  ^  f i n a l  %’ •
L e n g th  o f  each e xp e rim e n t in d ic a te d .
D a ta , fro m  T a b le s  3 .2 d , g and f .
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Table 3*5 : Mertensia maritima Germination at constant temperature,
Table 3»5& : M.m., stored dry at laboratory temperature (mean 17 C) for 10 weeks.Experiment length 80 days.
Experimental temp. 5° 10° 13° 20° 23° 30°
Final % germination 2.3 0 7.5 7.5 2.3 7.3
1st germination day 42 - 7 7 16 9
Days to -J final % — — 12 27 - 17
Days to final % 42 48 30 16 48
Table 3#3h : M.m., stored dry at laboratory temperature (mean 1? C) for 17 weeks, then cold (0 C) and dry for 6 weeks. Experiment length 120 days. (1x20 seeds in each treatment only. )
Experimental temp. 3° 10° 13° 20° 23° 30°
Final % germination 5.0 20.0 0 10.0 13.0 0
1st germination day 76 11 - 11 6 —
Days to -J final % — 18 - 11 6
Days to final % 76 98 16 11 —
- Value hot applicable.
. .. .ii?'•' L j .I'.J 'Z-i
■ ■ r ■: y-v.. %r- - i ' c w
59
" I
120 daysM.m 120
100
— 4080-
20“
3020
Temperature
2510
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Table ^,4 : Crithmum maritimum* Germination at constant temperature- I
Table 3*4a : C*m*1, stored dry at laboratory temperature (mean 1? ) for 8 weeks.Experiment length 85 days*
Experimental temp# ^C ^o(i) 10° 15° 20° 23° 30°
Final % germination 52.5 50*0 30.0 0 0 0
1st germination day 64 ■ 25 20 - -
Days to ■§- final % 47 28 — -
Days to final % 82 81 77 «M
Table 3*4b ; C*m*1, stored dry at laboratory temperature (mean I7 C)for 12 months*Experiment length 80 days*
Experimental temp* °C ^o(i) 10° 13° 20° 23° 30°
Final % germination 53.0 67.5 50.0 7.3 3.0 0
1st germination day 43 20 23 28 ' 69
Days to ^ final % 61 29 27 62 69 —
Days to final % 80 63 33 72 72
(i) Germination still occurring at up to end of experiment* Further germination can not be ruled out*
- Value not applicable.
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Table 3*3 : Glaucium flavum. Germination at constant temperature*
Table 3*3a : G.f*, stored dry at laboratory temperature (mean 17°C) for 4 weeks*Experiment length 80 days*
Experimental temp. °C 3^* 10°* 13° 20° 23° 30°
Final % germination 0 3.0 0 0 0 0
1st germination day « 44 - « - -
Days to fmal — 44 — — — —
Days to final ^ — 49 — — — —
* - a few seeds showed a split testa at the end of the experiment ^after treatment at 3 and 10 C but in no case did the radicle |emerge from these split seeds. '
Table 3*3t : G.f, stored dry at laboratory temperature (mean 17 C) for 9 weeks, then cold (0 C) and dry for 6 weeks. Experiment length 120 days*
Experimental temp. °C 3°(i) ^0° 13° 20° 23°
Final % germination 23.0 13.0 12.3 0 0
1st germination day 116 70 21 -
Days to -J final % 118 94 24 -
Days to final % 120 100 36 •w mm
(i) Germination still occurring at 3°C up to end of experiment. Further germination can not be ruled out.
- Value not applicable*
■;y
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Table 3*6 : Limonium binervosum* Germination at constant temperature,
Table 3*6 : L*b, stored dry a.t laboratory temperature (mean. 1? C)for 10 weeks* Doubtfully ripe when collected* Experiment length 80 days* 30 treatment only 13 seeds available, all other treatments 2 x 20 seeds.
Experimental temp*' °C 10° 13° 20° 23° 30°
Final % germination 87.3 87.3 97.3 87.3 69 .0
1st germination day 6 2 2 2 ' 2
Days to -J final % 7 2-3 2-3 3 2
Days to final % 9 6 3& 13 6
..^1 1:^ . ; v v.;
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f o r  ‘ days  to  -g f i n a l  %' «L e n g th  o f  each e x p e rim e n t in d ic a te d *
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2# Alternating Temperatures
The results of the a3.ternating temperature experiments for 
Ligusticura scoticum and Crithmum maritimum are shoivn in Table 3*7*
In these, as in the constant temperature experiments (Results 1 above), 
Ligusticum usually shows highest final percentage germination for 
higher temperature combinations or where one of the temperatures is 
around 22°C. As shown in Table 3*7 the liighest germination (about GOfji) 
results from a *day* temperature of l8^, 22° or 26°C combined with a 
*night* temperature of 10°c or more (but excluding 26/26 where only 2,3^ 
germination occurred). The highest percentages of germination obtained 
are similar to those found in the constant temperature experiments; 
however, many different seed samples were used in those experiments and 
no direct comparison can be made with any reliability. An interesting 
point that emerges from this experiment is the low germination attained 
at temperatures close to 10° and l4°C with only small daily alternations 
of temperature* The results for l8/l4 and 14/10 illustrate this point 
well, with 0 and germination respectively, and these results help
to confirm that the very low germination obtained at similar tempera­
tures under constant conditions was a real effect (Results 1, above).
At the lowest terapera.ture combinations used it is possible that a 
longer time tlmn the 30 days of the experiment was needed for any 
germination to take place, especially in view of the 60 to 100 days 
needed by seed of Ligusticum at 3°C in the constant temperature 
experiments.
Under these alternating temperature conditions, Crithmum, again as 
in the constant temperature experiments (Results 1, above), shows 
highest germination for lov/er temperature combinations, including at 
least one period at or below 14°C. Maximum germination percentages 
attained were $0^ for 18/10 and 82.3/û for 10/6, and these value's are 
unequivocally greater than the maximum of 67*3?o obtained in the constant 
temperature experiments (which used seed from the same batch). All 
treatments with a 10°C *night* achieved germination of at least 30^ 
after 30 days. When higher temperature combinations which are less
- :   ''1
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favourabl-e for germination are reached there is a less abrupt 
reduction in percentages of germination obtained with Crithmum than 
occurs for Ligusticum when it is subjected to less favourable lower 
temperature conditions. Although from Table 3*7 it appears that 
treatments which have a *night* temperature of 2°C do not attain very 
high germination for Crithmum, this is partly because the experiment 
only ran for 50 days with rigorous temperature alternation. It was 
continued with no alternation at weekends for a further 18 days, and 
this resulted in high percentages, from 30;^  to 72.3/ for all treatments 
except 2/2 and 26/2. This extension confirmed that these lower 
temperatures are favourable for germination of Critlimum and further 
germination may still have occurred in a few of these treatments if 
they had been allowed longer.
For both Ligusticum and Crithmum, despite the different temperature 
ranges for optimum final percentage germination, the alternating 
treatments including higher temperatures have the shortest time to 
first germination, (when germination occurs at all) though there is 
no clear correlation between this and the percentage attained by the 
end of the experiment. For example at combinations with an 18°C night 
temperature, Ligusticum takes 10 or 11 days to first germination with
42.3 to 62.3/0 final germination and Crithmum talces 13 to 18 days with
27.3 to 32.3/ final germination, wliile with a night temperature of 10°C 
the equivalent figures are 14 to 36 days and 2*5 to 32.5?o for Ligusticum 
and 16 to 28 days and 30«0 to 90.0/ for Crithmum
A comparison of the results in Table 3«7 with those of Tables 3*2 
appears to show that the germination of Ligusticum is a few days faster 
overall under alternating temperature conditions than under constant %
ones, however the variation between resu3.ts for different seed samples 
makes this difficu3.t to quantify though the day of first germination 
is improved from 11 to 32 days at 20°G constant to only 10 or 11 days 
for alternating treatments with a *night* temperature of l4°C or above.
Though Crithmum has comparatively shorter times to first germination
_ ^  A .  v ' Î A i . Â - A - ra-À.k..-.'
-mi
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under alternating temperatures, the overall time taif.en to reach the final 
percentage is similar to that for corresponding temperatures under constant 
conditions.
The differences in temperature requirements as reflected by these two 
alternating temperature experiments are summarised in Fig 3*4, which shows 
the higher optimum temperature combinations for good germination for 
Ligusticum and the lower ones for Crithmum*
The findings of Okusanya (1977) on the germination of Critlimum seed 
complement the present results by providing information on the response 
to different sea-water concentrations in addition to the various tempera­
ture treatments used.
3# Temperature and Light interaction
The results for these experiments (Table 3*8) show that the main 
é'ffect of an initial cold period (at 3^C) is to increase the percentage 
germination obtained over that under constant temperature conditions at 
13°C for Ligusticum and Glaucium in both light and dark, and for Critlimum 
in the dark only. The length, of the initial period at 3°C also influenced 
the results, with greatest percentages of germination after the longer 
(14 day) initial cold period* This was most marked for the dark treated 
Ligusticum which had 3/ germination at 13°C constant; 13/ after 3°7 days 
than 13^const,; and 37*3/ after 3°l4 days then 13^const** This effect, 
not necessarily in the dark, is really one of stratification or vernal- . 
isation of the seed which has been recognised for some time as one way 
of breaking dormancy and increasing germination (V/areing and Phillips, 
1970).
When the results for germination of.the seeds after light and dark 
treatments are compared (Table 3*8), it is seen that of the three species 
considered, only Crithmum has consistently greater germination in the 
light than in the dark# The differences however are small, and when a 
^  test was applied (method from Campbell, I967) only the 13°G constant
.1
A  . 0 ;  A-A... • A  - ;  Ü  A A  « »
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temperature experiment on this species showed a significant difference, 
at the 3/ level, betv/een light and dark treatments. Ligusticum does 
not show a consistent response to light and dark treatments; the 13*^C 
constant and 3°7 days/13° const, treatments show greater germination 
in the light, and the remaining treatment 3°/l4 days 13^ const* has |
greater germination in the dark, though none of these differences is , 
statistically significant. The germination achieved by Glaucium seed 
and the differences between treatments were so small that no conclusions 
can be drawn.
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Seed used ; L*s,F?6, used fresh,stored dry at (mean 17 C) for 3& monthsC*m,1, c ^ laboratox’y temperature
Where final percentage germination is recorded as 2.3/ this represents one seed only.
- indicates value not applicable.
t
Table 3*7 : Ligusticum scoticum and Crithmum maritimum,I Ie B E n a t T 3 r a r % [ t e r n a t in ^   |Experiment length was 30 days of rigorous 'alternation for both species. Cr^hmum experiment continued for a further tS'^ days with no alternation at weekends, when the seeds were left at the lower ’night* temperature.
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Table 3*7
Ligusticum scoticum Crithmum maritimum
Treatment Final % 1st Days Days Final % 1st Days Days Final yê jDay/Night C germina­ Day to ^ to germina­ Day to Y to after !tion final Final tion Final Final 68 days |
2/2 (const) 0 mm 0 — »
I
0 _ i
6/2 0 - - - 0 - - - 30.0 .
10/2 0 - - — 5.0 49 49 49 63.0 i
14/2 2.3 37 - 37 22.3 4o 48 50 67.5 j
18/2 2*5 40 - 40 20.0 40 48 50 72.5
22/2 5.0 36 36 39 . 0 - - - 32.3 :
26/2 0 - - - . 0 - - - 0 :l
^6 0 — — mm 32.5 46 49 50 77.5
6/6 (const) 57*5 39 45 50 75*0 ;
10/6 5*0 30 30 4o 82.5 26 34 47 82.5 '
14/6 0 - - - 72.3 26 33 45 77.5 1
18/6 12.3 26 29 36 72.3 25 33 43 72.3
22/6 40.0 14 24 42 57.5 34 39 50 72.3 i
26/6 5*0 25 25 28 2.5 42 - 42 10.0 ]
10/10 (const) 2.5 36 36 60.0 23 34 49 60.0 114/10 2.5 29 - 29 67.5 22 27 39 70.0 !
18/10 12.5 19 21 33 90.0 16 23 33 90.C22/10 32.3 15 22 37 70.0 22 29 43 72.3
26/10 17*5 14 16 27 30.0 28 36 50 57*5
14/14 (const) 55.0 16 23 43 57.5
18/14 0 - - - 55.0 15 20 31 55.0 !22/14 30.0 10 20 41 62.3 17 23 36 62.5 ■:26/14 37*5 10 19 49 62.3 18 30 49 65.0
18/18 (const) 57.5 11 17 38 30.0 18 25 32 30.0 •:
22/18 62.5 10 13 19 27.5 15 19 23 27.5
26/18 42.3 10 12 26 32.3 18 26 39 37.5 :
22/22 (const) 2.5 25 23 2.326/22 60.0 11 16 27 0 - - 0
26/26 (const) 2.5 30 - 30 0 - - - 0
2/26 0 mm - - 0 - - - 0
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Table 3*8 ; Effect of temperature aaid light on the germinationof Ligusticum scoticum, "Tîrithmum maritimum and Glaucium TTIavum.
Seed used L.S.F77» stored dry at laboratory temperature (mean 17 C) for months.C.m.2, stored dry at laboratory temperature (mean 17°C) for 6 months.G.f., stored dry at laboratory temperature (mean 17^C) for 9 weeks, then cold (0 C) and dry for 16 weeks.
Experiment length 70 days.
§ g
0 r-j 0 ^ 0-ÏR
Treatment II 1'^ 10 ks IfN O V- 0 Qv-;CM A N N 0 r- A A'^lîv» A N
Light Dark
13^ constant*
L. 8 13.0 18 29 48 3.0 30 - 30
C.ra. 60 .0 14 23 63 23.0 24 34 40
G.f. 0 - - - 0 - -
5°/7days-15° const.**
L. s. 27.3 18 28 37 13.0 20 20 4o
G .m. 47.3 16 21 63 33.0 26 33 37
G.f. 0 - - — 0 — — -
3°/l4days-13° const•**
L. 8. 43.0 26 29 63 37.3 22 2 7. 44
C .m. 67.3 22 23 34 60.0 22 26 37
G.f. 7.3 24 28 37 2.3 22 - 22
* —“ 1x20 seeds each treatment. 
** —  2x20 seeds each treatment.
All *days* measured from beginning of experiment, e.g. for 5*^ /7 days- -13 const.; days 0 to 7 at 5 C then day 8 onwards at 13 G etc. •
- Value not applicable.
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CONCLUSIONS
These experiments have yielded the temperature requirements for 
germination of the seed of the five species studied with varying degrees 3
of reliability*
Both northeinspecies show some preference for warmer conditions t
for germination when kept at constant temperatures; around 20°C for |
Ligusticum, and 10° or 13°C to 30°C for Mertensia. In addition,
Ligusticum often shows ability to germinate well at 3°C after a longer 
period of time* Experiments carried out on Ligusticum alone again 
showed its preference for higher temperature combinations, including 
one temperature around 22°C, when subjected to alternating daily 
temperatures. The enhancing effect of an initial continuous period !
of cold on seed germination found for Ligusticum is as discussed earlier, 
equivalent to the vernalisation or stratification procedures used on" 
commercially grown plants.
The southern Crithmum shows highest percentages of germination at ^
lower temperatures, 3° to 15°C, in constant temperature conditions, ;
and even higher percentages, also at lower temperature combinations, 
in the daily alternation experiments with one temperature of 14°C or 
less. An initial period of cold only appears to enhance germination Iin the dark. Despite very low percentages of germination, Glaucium |
showed optimum performance between 3^ and 13°C, especially after 
storage. Limonium appeared to germinate well at all the temperatures
used (10° to 30 C^) though it must be remembered that the seed may have Ibeen immature. • j
The slightly faster germination of Ligusticum and possibly faster 
germination of Crithmum at alternating temperatures over the times 
taken at roughly comparable constant temperatures have no effect on 
the optimum temperatures for germination of these two species, 
mentioned above; high for Ligusticum and low for Critlimum. These 
alternating temperatures are similar to the type of temperature regime 
to which the seeds would be subjected under their natural conditions.
The effects of light and dark are less clear, though Crithmum does
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seem to germinate, better when it receives some light*
Length of time of seed storage had some effect on the resu3.ts 
obtained for all species, but a more rigorous investigation of this 
v;ould be necessary before any further conclusions could be drawn*
The effect of storage may basically be one of »after-ripening* and 
be time dependent*
The differences in optimum temperatures of germination between 
the northern and southern species reflect in the main their ecological 
adaptations to the conditions which they encounter in their natural 
habitats and are in accordance with the observations of Billings and 
Mooney (I968) and Thompson (1970) discussed in the introduction to' 
this chapter.
T:1
;
;
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CFAPTBR 4
THE EFFECT OF TEMPERATURE ON ROOT RESPIRATION 
INTRODUCTION
Dahl (I95I) suggested that summer temperature was probably the 
factor which v/as limiting on the distribution of a -number of Scandinavian 
alpine and arctic species, but he had no experimental data to support this.
The effect of temperature on the respiration rate of arctic plants had 
already been measured by Wager (1941) who found that there was a greater 
response to temperature in the winter than in the summer for these species, 
and that the winter rates were higher than those for temperate species.
He also reviewed other work in this area and compared the available data, 
which he found in the main to be in agreement with his Z'esults. Since 
then, many further investigations have been carried out on the direct 
response of respiration to temperature for both alpine and arctic species.
Some of these are discussed below.
Higgins and Sporaer (1976) investigated the influence of soil temp­
erature on root respiration and its relation to the alpine timber-line.
They concluded that soil temperature was more important than air 
temperature, and that it affected the response and thus distribution 
of plants at or near the timber-line. In addition, Anderson and KcNau- 4
ghton (1973) examined the effect of low soil temperature on other 
physiological processes such as photosynthesis and transpiration, in a 
range of species, and found these two processes to be less affected by 
a soiliemperature of 3°C than was the whole plant growth.
The effect of altitude on respiration, which indirectly reflects 
that of temperature, has been iudied by Mooney ( 19^3) in work on 
Polygonum bistortoides whinh has a range of ecotypes with different 
inherent rhizome respiration rates. The carbohydrate reserves of this 
plant are dependent on the physiological ecotypes and the corresponding |
differences in inspiration rate, which is low for coastal populations 
and higher for alpine and sub-alpine populations. Extended work of a Ï
T 7 — T
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similar type has also been published by Mooney and Billings (I960, I96I,
1963).
Similar work by Stewart and Bannister (1974) on the 3 British 
Vacciniurn species (discussed in Chapter 1,page 2 ) shows comparable
altitudinal effects on respiration rates to those above.
While all these studies are of considerable physiological import- "
ance, their value wou].d have been enhanced by concurrent measurements 
of re3.evant climatic variables. This was in fact attempted by Stewart 
and Bannister (1973) when mlating carbohydrate status of Vacciniurn to 
time of year and the prevailing light and temperature conditions.
The survival of a plant is also affected by desiccation and direct 
damage at high and low temperatures, and by freezing damage at low ones 
alone. Riedmuller-Scholm (1974, 1976) by subjecting arctic and timdra 
plants to very high and low temperatures (to +60^C and - 80°C) found 
. that the plants had a high survival rate when in their dormant winter 
condition, and were most susceptible to damage by these extreme temp- 
eratui’es in spring and autumn when the main climatic temperature changes 
are occurring.
As pointed out in Chapter 2 (page 9 ), northern coastal species
in Britain seem to be limited by summer temperatures in a way similar 
to the southern limitation of arctic and alpine plants in Scandinavia,
(Dahl, 1931)* It is reasonable for northern plants to be tolerant of 
low temperatures since they regularly experience them, whereas they are 
subjected to very high temperatures much less often. Conversely, southern 
species, coastal or otherwise, in Britain appear to be limited by winter 
or summer cold (discussed in Chapter 2) and possibly show a wider diver­
sity in their mechanisms of temperature tolerance.
Whatever the total effect of temperature on survival and distribution 
of a plant, there is no doubt that the rate of respiration and its 
relationship to temperature will be of some importance. For all species 
the temperatures experienced during the winter will affect the rate of 
respiration and so the directly resulting loss of stored carbohydrate 
and general depletion of the reserves in the plant which will, in turn, 
have a direct influence on its performance, and perhaps survival, in
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the following year. This will be of greatest importance in species, 
usually those of northern distribution, wliich lose their leaves in 
winter and thus have no means of replenishing their reserves of carbo­
hydrate. Southern species may retain at least some leaves and are |
able to take advantage of suitable conditions for some photosynthetic f
assimilation of carbohydrate to offset respiratory losses.
The above considerations were the basis for the study of the effect -j
of temperature on respiration described in this chapter. The whole i
plants were subjected to a range of different temperatures to try to |
assess the effect of this in terms of potential carbohydrate loss and 
so survival as the plants emerged from their winter condition. The 
roots, or underground stems, of the plants were used in their winter 
state since not all had any significant shoot material above ground in 
winter.
Initially only northern species v/ere examined in this way, so v/hen 
the study was extended to the southern species the same emergence from 
winter condition was investigated to enable direct comparison betv/een 
the two types. This meant that differences in behaviour or respiration 
response which could have a direct effect on the plants* survival could 
also be compared.
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Table 4.1 : Origins of mature plants used in respirationexperiments.
Species Reference Code, used in this Chapter
Origin (with grid reference) and date of collection or receipt
Ligusticum scoticum
Mertensia maritime
Crithmum maritimum
Glaucium flavum
L« s.
L,
L.s.
M.m.l
M.m,2
C.m,
Limonium binervosum L.b.B<
L.b.V «
L.b.J.
G.f.
Collected West sands, St.Andrews. GR(NO 303172). 14.2.1976
Collected Boarhills, Fife.(NO 374131). 22.2.1976
Collected Boarhills, Fife.(NO 374131). 9.3.1977
Collected N end (Burray end) of no. 4 barrier, Orkney. (ND 481933). In danger from dui'/iping lorries and tractors. Coll. E. Bullard.
27.1.1977.
Collected 4th barrier Orkney (ND 481933). Coil.R.M.M.Crawford Aug. 1977
Collected Great Orme. Gv/yn.edd, North Wales. (SH 749840). 2.1.1977
From Royal Botanic Garden, Edinburgh, Ac.no.720213, donor Berlin , Dahlem. Received
9.6.1977.
From Royal Botanic Garden, Eddnbux'gh. Ac.no. 582033, donor Vacratot. Received 9.6.1977
Collected Tregantle, S. Devon.(SX 388527) Coll. j.E.Palin.
19.8.1977
From self seeded stock, Botanic Garden, St.Andrews. St.A.1657/72, from Leicester as seed B31/0W, originally from V/olferton, Norfolk,
6.10.1977
•Î
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MATERIALS AND METHODS
As stated in the Introduction, studies were carried out on mature 
plants in their winter condition. The sources of the plants and the 
reference code used in this chapter are listed in Table 4*I* The plants 
of Ligusticum scoticum and Crithmum maritimum were col]ected between 
January and early March prior to the experiments. Mertensia maritima, 
M,m,1 was used immediately on receipt; M.m.2 and Limonium binervosum 
from all three sources were planted in sand or in a sand/peat mixture in 
the summer, and kept in an open cold frame, protected from excessive 
waterlogging and potential rotting, until required, Glaucium flavum was 
treated similarly on receipt in autumn.
The plants of Ligusticum, Crithmum and Glaucium were mature, but 
not old, and had roots with diameters of 10 to 20 mm. The underground 
stems of Mertensia had a diameter of approximately 5 mm, while the woody 
roots of Limonium were 5 mm and the long fibrous roots 1 mm in diameter.
The respiration experiments were carried out between the months 
of January and ÏÆarch when the plants were in their winter condition: 
they had either died back as for Ligusticum and Mertensia, or were in 
their most dormant state as for Crithmum, Limonium and Glaucium. These 
last three, the southern species, did not lose their leaves completely 
but showed no visible growth over the winter prior to the temperature 
pretreatments described below.
At the start of an experiment the whole plant was removed from its 
pot, or collected fresh, and excess soil or sand was gently removed. It 
was then put into a sealed, air-filled polythene bag, sufficiently large 
to minimise changes in atmosphere, with some moist paper tissues to 
maintain humidity, and placed in a temperature controlled cabinet accurate 
to T1^C in the dark. Experiments lasted for 1 to 4 weeks and the 
temperatures used were 5?10,15,20 and 25^C, These combinations of 
temperature and time are known as the pretreatment conditions and are
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expressed in the form 5^14 days, 1 o'^ /14 days etc., or 5°/2 weeks etc 
throughout.
The pretreatment temperatures chosen were intended to reflect a 
range of conditions to which the plants, both northern and southern, might 
be subjected in their natural habitats as they came out of their winter 
condition. Ideally a pretreatment at 0°C would also have been used, but 
this was not practicable with the equipment available. Though the higher 
temperatures and longer times of pretreatment resulted in conditions which 
would not normally be encountered in Britain, they were included to give 
as complete a picture as possible of the plants’ response to temperature. 
It was hoped that the range of pretreatments would be great enough to 
show any differences in response between the northern and southern plants. 
Comparisons between species were facilitated by the constant conditions 
of each pretreatment. The actual pretreatments used for each species 
are detailed in the Results section.
Respiration was measured for the roots or uiderground stems of 
each pretreated plant at a range of experimental temperatures which 
were usually from to 30°C at 5° intervals, though for some earlier
experiments the upper limit was 25°C. Later in the study confirmatory 
'detailed experiments' were carried out over experimental temperatiire 
ranges suitable to the plant under investigation at 2^  or 3°0 intervals. 
The respiration rates were measured on a Gilson respirometer, the 
principles and operation of which are described at the end of this 
section (page 82.).
After careful washing, the plant root material used for respiration 
measurements v/as evenly sliced into flat discs of 1-2 mm thickness, the 
thinnest practicable by hand slicing, for all plants except Limonium 
where th© fibrous roots v/ere cut into 2-3 cm long pieces. 2.0 ml of 
phosphate buffer, at pH 5*8 to minimise carbon dioxide solubility to an 
acceptable level, was measured into each standard Warburg/Gilson flask
■ : : f  ■ v-- .^ .. 1. -. v, - : ' / ■ j -‘-....   ■: ' f!'- ; V v , \ r  r»'" -\T ' "
80 I,'4Iand a 8Ample of 0*5g to 1.0g of fresh root material was put into this.
Three samples were used from each plant for respiration measurement in 
terras of oxygen uptake, and where root material was limiting then that ^
available was divided approximately equally between three flasks. If 
total gas change was also measured then three fuhther root samples were 
used from the same plant (when available). In all cases the aim was to /
have sufficient respiring material to yield volume changes large enough 
for precise measurement on the Respiroineter.
Measurement of oxygen uptake was made from flasks which had O.4 ml 
of 2M KOH in the centre well, with a filter paper wick to increase 
surface area, for absorption of carbon dioxide. The centre well was 
left empty in flasks used for measurement of total gas change, though 
this was not always measured. All flasks were then connected to the 
Respirometer, immersed in the water bath at the initial temperatur-e 
(usually 3°C) and left to come to equilibrium for 1 hour. The system 
was then closed off from the atmosphere and volume readings were taken 
for all the flasks at 5 minute inteivals for up to 1 hour; the actual 
time depended on the rate at which the material was respiring, After 
this time the system was reopened to the atmosphere and the thermostatic 
control of the water bath v/as adjusted to the next higher experimental 
temperature and left to equilibrate for 59 minutes before the next set •"4
of readings were taken in the same way; and so on for each subsequent 
set of readings. The flasks were shaken mechanically at a rate of 80 
times per minute throughout. At the end of the experiment the plant %
material from each flask was removed and dried to constant v/eight at 95°C,
4Calculations of the rates of respiration, expressed as and QCO^
(where applicable) were made in terms of of pi of gas per mg dry weight 
per hour ( pl.mglW .hr  ^) after correction of all gas volumes to standard 
conditions of 25°C and 76O mmEg, was calcul.ated directly from *3
uptake volumes and for each plant is expressed as the mean of the three
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values obtained. QCO^ was calculated indirectly from the corrected2 '
volume of total gas change by adding the volume of 0^ appropriate to 
the dry weight, as calculated from the mean QO from the same plant. 
Measurement of total gas change and thus calculation of QCO^ was dis­
continued in later experiments since the gas volumes maasured were usually 
so small as to be subject to unacceptable error (see Gilson Respirometer 
description below). The volumes of gas used for 0,0^  calculation were 
large enough in most cases to eliminate this error; the exceptions to 
this are noted in the Results section and were usually due to shortage 
of root material.
The mean respiration rate (as Q0_) was plotted against the experi­
mental teraperatuxe for each pretreated plant of each species used, and 
these curves were used for initial comparisons between species and 
pretreatments.
Further information was then extracted from the data by transforming 
each set to an Arrhenius plot of log^^Rate against temperature 
enabled the direct calculation of the energy of activation, E^ , from
the gradient of the resulting line or lines.
The Arrhenius equation k = A e is transformed to the
straight line form 1logio'^  - ■ T ^ 2.303E
where k = respiration rate (%0 )
T = temperature in K
R is the gas constant (1.987 cal.^C ^.mol ^)
A is a constant (icg.^A represents the intercept of the 
Arrhenius plot)
Eg is activation energy
The Results are divided into two sections: Section A records the
rate of 0^ uptake (QO^) v temperature data, and Section B the Arrhenius
plot data.
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Gilson Besnirometer (see Williams and Wilson, 1975)
The Gilson respiroineter is a constant pressure manometer system.
The constant pressure is maintained in the Respirometer by employing a
large reference flask on the opposite side of the manomebers to the
experimental flasks. The reference flask is filled with distilled water
to such a level that the resulting volumes of water saturated air on
each side of the manometers are equal, rendering pressure equal for a
constant temperature. This removes the necessity for use of a thermo-
barometer flask which the constant volume Warburg manometers need, though
a control flask (with no plant material) was used in all these experiments
to enable correction to be made for fluctuations in volumes obtained due
to unavoidable variations in laboratory temperature.
The flasks are all immersed in a temperature controlled water bath.
The changes in volume resulting from respiration are calculated by
difference from values read off directly from a scale calibrated in jjI ,
after equalising levels in the 2 sides of the manometer for all the
flasks in order. Very small changes in volume, less than 1C jpl.hr ^,
are subject to error which is due to slight leakage or diffusion of gases
through the 'Tygon’ tubing of the manometer connections (this shortcoming
of the method is pointed out in' the manufacturers handbook though no
method for obviation is suggested).
The volume readings were all corrected, by the gas laws, for
atmospheric pressure and temperature to a standard 760 mmHg and 25°C
(STP). The formula employed for this is:
V^(Pb-Pw~3)T2 
^2 “ T ., 'x Pg
where
Y 2 = corrected volume in jul (STP)
V'l = experimental gas volume in pi.
Pb = barometric pressure in mmHg 
Pw = SVP of water at T^  in mmHg
3 is a correction for STP of manometer fluid (kerosene, dyed red)
fl = experimental temperature in K 
T2 and ?2 refer to STP i.e. 298K and 760 mmHg
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RESULTS
A; Basic Respiration Data.
Graphs were plotted of the rate of respiration of the roots with 
respect to experimental temperature after the vax’ious time and temp­
erature pretreatments* Fig* 4*1 shows a characteristically shaped curve 
for each of the four main species studied, Ligusticum scoticum,
Mertensia maritima, Crithmum maritimum and Limonium binervosum* From 
this, two points of interest emerge, firstly that both the northern 
species, Ligusticum.and Mertensia, have respiration rates which are 
approximately twice as great as those for the two southern species, 
Crithmum and Limonium over the entire range of experimental tempera­
tures considered.' Secondly, the form of the graphs differs; those of 
the northern species approximate to straight lines while those for the 
southern species are of a distinctly curved (exponential type) form 
over the temperature range studied* This difference in graph form 
helps, to account for the differences in the Arrhenius plots which 
are discussed in the next section.
There is variation in the magnitude of the response of respiration 
to increasing experimental temperature after different pretreatment 
temperatures, and this is shovm individually for each species in Tables 
4*2 to 4*8 for both 3° interval and ’detailed* experiments and summar­
ised in Table 4*9 for pretreatment temperatures only. The times, of 
one to four weeks, for which thé pretreatments lasted were of less 
significance than the temperatures of pretreatment, and little addi­
tional information was gained by grouping the summarised results in 
this way.
The high respiration rates of the northern species and low ones 
of the southern species are summarised in brief form in Table 4.9(a) 
overleaf, with figures taken from Table 4*9.
Table 4.9 (a)
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Overall means of respiration rates, (pl.mg"~\hr 
at experimental temperatures of 3^C and 30°C for 
Ligusticum scoticum and Mertensia maritima (northern), 
and Crithmum maritimum and Limonium binervosum (southern) 
The limits are (standard error) with the number of
values used for each mean in brackets*
Specie
Lrgusticum
Mertensia
Crithmum
Limonium
0*22 40*01.(18) 
0.31 +0.07 (16) 
0.12 +0.003(20) 
0.13 +0.03 (14)
30°C
Tablescontainingindividualresults.
1.13 +0.07 (10) 4.2 and4.3 (detailed)
1.36 +0.18 (16) 4.4 and'4.8 (detailed)
0.32 +0.02 (20) 4.3 and~ 4.6 (detailed)
0*61 +0.06 (14) 4.7 andT 4 .0 (detailed)
In order to make the data for all four species more directly 
comparable the individual results for each pretreatment were * stand­
ardised* by expressing the respiration rates as a ratio of the rate at 
5°C for each experimental temperature of a pretreated sample. For 
example; for Ligusticum pretreated 10°/6 days, from Table 4,2, the 
respiration rate (QOp) 3°C experimental temperature is 
0.223 ^ ..mg"*lhr“^,; at 10°C, 0*371 ; and at 13*^ 0, O.360, etc and the 
corresponding ratios are:
_ 0.371 .  ^ 0,360for 10 C 0.223 = 1.63, and for I3 C 0.223 = 2*49, etc.
When presented in this way (Figs, 4.2 to 4.3) differences in respiration 
rate attributable to variations in proportion of respiring to non­
respiring tissue are reduced, and the ways in which the rates change can 
then be 'directly compared for the northern and southern species, irres­
pective of the actual numerical values of respiration rate*
j
> '2." 1'.' .-o.rf-Tjv,.
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Of the two northern species, Ligusticum shows no very clear»»«* III*
pattern of response of respiration to the temperature of pretrea.tment 
even after standardisation (summarised in Fig# 4.2): after 1 week and 
2 weeks (*77) the maximum response, that is, the greatest proportional 
respiration rate increase with experimental temperature, is found after 
pretreatment at 20°C; after 2 weeks (*76) the pattern is unclear, but 
after 3 weeks the trend is for a reduction in response with increasing 
temperature of pretreatment.
Mertensia, the other northern species, has variable rates of 
respiration (Table 4*4) which are possibly due to variations in the 
proportions of actively respiring and thickened tissue, and for this 
reason the standardisation of data (summarised in Fig 4.3) is partie- 
u].arly helpful for direct comparison of the results. In contrast to 
Ligusticum, Mertensia shows an overall decrease in response to experi­
mental temperature increase with increasing pretreatment temperature, 
and this is most marked between the 5^0 and 10°C pretreatments after 
2 weeks (*78). This effect is a possible direct compensation by the 
plant against its respiration rate staying too high when subjected to 
higher pretreatment temperatures.
The respiration data for the southern species, Crithmum (Table 4,5) ■ 
and Limonium (Table 4.7) are shovm as plots in the above standardised 
form in Figs 4,4 and 4,5 respectively. For Crithmum, overall changes 
in response with experimental temperatui'e are so relatively small 
between the different pretreatments that they cannot be said to show 
any significant pattern, and are probably best taken as constant for 
the range of pretreatment temperatures investigated in these experi­
ments. For Limonium, as for Mertensia, the plant material available 
was somewhat variable and in a few cases it was not possible to use 
more than the minimum amount necessary for the accurate measurement |
of respiration rates. The standardised responses of L.b.V after 2 weeks 
(Fig 4*3) show a downward trend with increasing temperature of pretreat­
ment, and the combined results for L.b.B and L.b.J after 2 weeks appear 
to show a similar trend, though these latter were among the most erratic
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for any species or treatment owing to the very small quantities of root 4
used. The 3 week results are from plants of all three origins (Table 
4*1) and show no clear pattern.
Another point which emerges from the standardised data plots 
(Figs 4,2 to 4.3) is that both the Umbelliferous species, the northern 
Ligusticum and the southern Crithmum, have much less variation and no 
clear trends in response attributable to the different time and temp­
erature pretreatments than do either the northern Mertensia or the 
southern Limonium, which both show distinct reductions in response to 
experimental temperature after being subjected to higher temperatures 
of pretreatment•
For Glaucium flavum only one plant survived to the beginning of 
the respiration experiment and this was subjected to a detailed temp­
erature experiment with results shown in Table 4.8* It has thus not 
been possible to include this additional southern species in. the above 
discussion. From the single series of results, the actual rates of 
respiration are very high even when compared with those for the two 
northern species. Further measurements would have to be made to confirm 
this apparently anomalous r.esult and to suggest a reason if it turns out 
to be a real effect.
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Table ; Respiration rate of root slices of Lig'usticum scoticum
Experimental Temperature (°C)
Notes: 1 - Each plant sample was subjected sequentially to the wholerange of experimental temperatures, from the lowest to thehighest, allowing ^0 mins* for equilibration between each set of readings,
2 - Each value of QOg is the mean of three measui’ements aftercorrection to 25®C and ?60 mmUg, The third decimal place isnot usually significant but is included here since these results are later averaged for the compilation of Table 4*9,
Pretreatment 3° 10° 15° 20° 25^ ' 50° 1
10°/ 6 days *76(1 week) 0,225 0.371 0.560 0.773 0,847 1
15°/ 6 days }i 0,158 0,245 0.575 0,535 0,717 '■%
20°/ 7 days n 0,185 0.284 0.488 0,699 0.879 - -I
25°/ 7 days It 0.279 0,427 0.626 0.856 1.056 “ 5
10°/15 days *76(2 weeks) 0.180 0,270 0.469 0,726 0.968
15°/15 days It 0,527 0,486 0.751 0.857 0.942 -
20°/l6 days II 0.185 0.242 0.590 0,570 0.777 — 'V1
25°/l6 days II 0,242 0,590 0.586 0.676 0.750 — ■ j
5°/l4 days *77(2 weeks) 0.169 0,260 0.454 0.606 0.723 0.83? ?
10°/15 days It 0.268 0.585 0.616 0.820 0.978 1.086 :a
15°/15 days II 0.272 0,574 0,668 1,064 1.279 1.473
20°/l6 days II 0*150 0,256 0.451 0.726 0.886 1.001
25°/l6 days II 0,272 o,4o4 0,579 0.820 1.059 1.253
5°/20 days •77(3 weeks) 0,205 0,505 0.471 0,725 1.000 1.354
10°/21 days It 0,205 0.504 0.446 0.642 0,857 1.059
15°/21 days It 0,289 0.592 0.685 1.061 1.250 1.435 ,4i
20°/22 days It 0,216 0,504 0.476 0.728 0.882 0.974 ,ï
25°/22 days It 0,256 0,525 0.482. 0,765 0.953 1.070
89
a
tA
g %
ONT-lA g
O
CMV-O
sNO
-p
(M
•H
- o
COVO•p
CO
VD
COis COK\VO«H
K\T~tr\«H
COCO
lA
CMIICQdw<u•ë
90
Table 4.4 ; .'Respiration rate of underground stem slices of
Hortensia maritima expressed as QO^ ( jxlO .mgDV/”*'.hr“ '.)
Experimental Temperature (*^ 0)
Pretreatment 3° 10° 13° 20° 23° 30°
5°/15 days (2 weeks) ’77 0.184 0.331 0.464 0.802 1.164 1.393
10°/'i6 days It 0.173 0.279 0.302 0.307 0.816 0.970
15°/16 days I 0.164 0.238 0.282 0.449 0.727 0.928
20°/17 days tt 0.163 0.223 0.306 0.397 0.300 0.643
25°/17 days tf 0.163 0.242 0.320 0.414 0.319 0.668
3°/Z7 days (4 weeks) *77 0.189 0.303 0.303 0.768 1.039 1.263
10°/28 days II 0.173 0.262 0.333 0.470 0.714 1.270
15°/28 days II 0.131 0.208 0.281 0.339 0.311 0.801
20°/29 days II 0.192 0.283 0.314 0.401 0.483 0.369
25°/29 days 0.219 0.320 0.332 0.481 0.378 0.743
5°/l4 days (2 weeks) 178 0.182 0.346 0.619 0.897 1.262 1.441
days II 0.770 0.610 1.123 1.209 1.473 1.737
days II 0.838 1.209 1.382 1.883 2.208 3.068
t20°/l4 days If 0.913 1.044 1.476 1.966 1.897 2.313
5°/21 days (3 weeks) *78 0.222 0.303 0.643 1.079 1.4l4 1.662
10°/21 days II 0.323 0.307 0.793 1.413 2.001 2.213
t - These results are less reliable because the amount of root material available only yielded Respirometer gas volumes of 10 ul*hr“1 or less at the lower experimental temperatures.
Notes as for Table. 4*2
, - A  ...
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Table 4.3 : Respiration rate of roots of Crithrnum maritimirn
expressed as QOp ( ^lOp.mgDW*” *h3r“ •)
Experimental temperature (°C)
Pretreatment 50 10° 13° 20° 23° 30°
576 days (1 week) 0.062 0.103 0.170 0.282 0.429 -
10°/6 days II 0.130 0.147 0.208 0.343 0.477 «
1576 days II 0.129 0.132 0.217 0.339 0.498 —
20°/7 days It 0.161 0.210 0.288 0.432 0.399 —
257? days n 0.097 0.123 0.168 0.272 0.398
5 7 1 5 days (2 weeks) 0.117 0.149 0.222 0.332 0.430 0.361
10715 days II 0.119 o.i4i 0.193 0.272 0.391 0.480
15715 days It 0.126 0.133 0.213 0.287 0.393 0.494
207 1 6 days It 0.133 0.173 0.214 0.303 0.396 0.334
25716 days It 0.118 0.132 0.163 0.222 0.291 0.432
5 7 2 1 days (3 weeks) 0.126 0.132 0.218 0.311 0.397 0.436
10°/21 days It 0.109 0.139 0.202 0.306 0.423 0.349
15721 days ti 0.116 0.148 0.184 0.268 0.373 0.479
2 07 22 days 1! 0.120 0.134 0.213 0.276 0.374 0.439
2 57 22 days ti 0.103 0.133 0.176 0.234 0.336 0.444
5 7 2 8 days (4 weeks) 0.168 0.202 0.294 0.378 0.339 0.674
10°/28 days It 0.138 0.186. 0.237 0.290 0.391 0.387
157 28 days It 0.130 0.163 0.220 0.283 0.396 0.337
2 07 29 days ti 0.144 0.174 0.207 0.286 0.407 0.333
2 5 7 2 9 days It 0.114 0.130 0.166 0.228 0.330 0.473
Notes; as for Table 4*2
1 5
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Table 4*9 ; Meaji values of QO» ( u10g,mgDW~ for Ligusticuiîi
scoticum, Hortensia maritima, Crithmum maritimum and
25° and 50^0 experimentalLimonium binervosum at 5 
temperatures for each pretreatment temperature.
Experimental Temperature °G
Pretreatment 3° 23° 30°
Ligusticum 3° 0.19 40.02 (2) 0.86 +0.14 (2) 1.08 +0.23 2)
scoticum 10° 0.22 +0.02 (4) 0.91 +0.04 (4) 1.07 +0.01 2)
13° 0.26 +0.04 (4) 1.03 ÿ .13 (4) 1.43 +0.02 2)
20° 0.1a +0.01 (4) 0.86 +0.03 (4) 0.99 +0.01 2)
23° 0,26 +0.01 (4) 0.94 +0.07 (4) 1.13 +0 .08 2)
All treats* 0.22 +0.01( 18) 0.93 +0.04(18) 1.13 +0.07( 0)
Mertensia 3O 0.19 +0.01 (4) 1.22 +0.08 (4) 1.44 +0.08 4)
maritima 10° 0.36 +0.14 (4) 1.23 +0.30 (4) 1.33 +0.27 4)
13° 0.38 +0.23 (3) 1.13 +0.33 (3) 1.60 +0.-73 3)
20° 0.42 +0.24 (3) 0.96 +0.47 (3) 1.18 +0.37 3)
23° 0.19 +0.03 (2) 0.33 +0.03 (2) 0.71 +0.04 2)
All treats. 0.31 +0.07 (16) 1.08 +0.14(16) 1.36 +0.18( 6)
Crithmum 50 0.12 +0.02 (4) 0.43 +0.03 (4) 0.36 +0.06 3)
maritimum 10° 0.13 +0.01 (4) 0.42 +0.02 (4) 0.34 +0.03 3)
13° 0.12 +0.003 (4) 0.41 +0.03 (4) 0.31 +0.02 3)20° 0.14 +0.01 (4) 0.44 +0.03 (4) 0.32 +0.03 3)
23° 0.11 +0.003 (4) 0.34 +0.02 (4) 0.46 +0.01. 3)All treats. 0.12 +0.003(20) 0.42 +0,02(20) 0.32 +0.02( 3)
Limonium 3° 0.07 +0.003 (3) 0.33 +0. o4 (3) 0.44 +0.07 3)
binervosum 10° 0.12 +0.03 (3) 0.43 +0.09 (3) 0.43 +0.13 3)
13° 0.22 +0.07 (3) 0.64 +0.03 (3) 0.83 +0.07 3)20° 0.20 +0.10 (3) 0.4? +0.09 (3) 0.63 +0.12 3)
23° 0.16 +0.04 (2) 0.47 +0,03 (2) 0.73 +0.01 2)
All treats. 0.13 +0.03 (14) 0.47 +o.o4(i4) 0.61 +0.06( 4)
Notes: 1 « The means for each pretreatment temperature include all pretreatment times for that temperature (Tables 4.2,.4.4, 4 .5 and 4.7)2 - Values given + standard error (see Campbell, 196?)• Thenumber of valSes used for each mean is given in brackets.3 •" Values at 23 G experimental temperature are included sincenot all pretreatments were subjected to 30 C experimental temperature.
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B. Transformed Respiration Data
As stated earlier, (page 81) the rate of respiration (QO ) v. 
temperature graphs were all redrawn as Arrhenius plots of log^^Rate 
against . In the 'ideal' or non-biological case of
exponential increase of rate of reaction with temperature the Arrhenius
Iplot shows a straight line, and the gradient of this line can then he used h| 
for direct calculation of the energy of activation (E^ ) for the whole 
temperature range (as indicated on page 81). For biological data this 
'ideal' condition is seldom reached, though it may appear to apply over y
certain limited ranges of temperature. The Arrhenius plots for the 
respiration data of some of the species studied show some such deviations s
from linearity over the experimental temperature range covered when 
regression lines are fitted (see Campbell, . The two northern
species show a distinct change of gradient (and thus of Eg) at the 
middle of the temperatiu?e range, while the three southern species show 
a reasonable straight line over most of the range with a possible break 
at low temperature for Crithmum.
Pigs 4.6 and 4»? show typical examples of the Arrhenius plots for a
Ligusticum scoticum, Mertensia maritima and Crithmum riaritimujn. The 
5^C interval Arrhenius plots (6 points only) for each of these three 
species were of consistent form which was confirmed by the subsequent 
'detailed', closer experimental temperature interval, experiments,
Limonium binei"/osvun has non-consistent Arrhenius plots and is discussed 
in detail later.
The points of each Arrhenius plot were initially treated as lying 
on a straight line and the relevant regression line was calculated and ,.j
plotted graphically. Some lines showed no characteristics which could 1
be said to deviate from straight, while others, for example Ligusticur.t, hi
consistently had the furthest separated points on one side of the line
and the middle points on the opposite side of the line, suggesting that *I
-y|r ' ^
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a curve or tvfo straight lines would be a better fit. V/here this apparent 
deviation from linearity applied the best fitting pair of regression 
lines, in terms of regreseion coefficient 'r', were fourd by splitting 
the line between successive points and using the lines vrith the best 
values of 'r' . While this method was not full;/- satisfactory for the 
5°C interval (6 point) lines, it was icuch more so for the detailed 
temperatiu-e experiments which had 10 or more points to each graph.
Ligusticum has a break in gradient which occurs consistently 
between 15^ and 20^0, with only one exception, for all the pretreatments 
used when pairs of regression lines were fitted as described above.When 
the 6 point lines are split in this way each of the t-wo shorter regression 
lines has only one degree of freedom, so that while the values of 
(as shown in Table 4*10) appear to be different for all the pretreatments, 
no reliability can be placed on the difference which depends on the break 
being real. However, when the four detailed experiments for Ligusticum 
were analysed in the same way they all showed a break in gradient, between 
16° and 18°C for three, and between 14° and 16°G for the fourth. The 
Arrhenius plots for these detailed experiments are shown in Pig 4*3 and 
provide confirmatory and more substantial evidence that the'break in ;
gradient found is a real effect,
The individual values of E^ for both upper and lower temperature 
ranges were grouped relative to time and temperature of pretreatment J
separately (Table 4*14)? but the resulting means show little variation ,
when so grouped. The breaks for the 5°3 interval experiments result in 4
a lower Eq with a mean value for all treatments (Table 4»14) of 6.9 kcal.mol h^jIAtabove the break (at the higher temperature range) than below the break - j
where the mean value is 13.6 kcal.mol ^. The equivalent mean values for
-'Ithe four detailed experiments are 7*9 and 17*9 kcal.mol
A break of similar form is also found on the Arrhenius plots for
_       ^ J
 ... .......________________ 1.,.'. A.'  I
: - ï- .
i
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Mertensia (Pig 4*6) with the resulting lower at the higher end of 4
the experimental temperature range (Table 4*11)* Per this species the 
points for the 4 lowest temperatures gave better (i.e. greater) values 
of 'r' than those for the 3 lowest temperabores, suggesting that the 
break was between 20° and 25°C. This left only two points at the higher ^
end of the temperature range for which it was not possible to calculate 
a regression line (no degrees of freedom) and the Eg. values were calculated h
from the gradient of the line joining the two points. Though the break #
for Mertensia occurs less consistently than that for Ligusticuii, only -J
appearing for about half the pretreated plants, it must be remembered |
that plant material was limiting for this species. Where this was the ' *
case the volumes of gas measured on the Gilson respirometer were often g
so small as to be subject to greater error than usually acceptable, giving 
some erratic results (see below).
The single detailed experiment for Mertensia was also affected by g
limited plant material, but, despite this, the Arrhenius plot shows a #
break in gradient between 19° and 22°C as shown in Pig 4*9« This helps 
to confirm that the break in gradle it is a real effect and is of similar ' ^ 
form to that of Ligusticum, the other northern plant in the study. I
Wiien the Eg for the two parts of the temperature range are considered ;
separately the values for the higher part of the range, from 25° to 30°G, 1• i
are very erratic with values ranging from 3*6 to 20.4 kcal.mol  ^ (Table 4.14). 
Some of this variation is created by single apparently erratic points on 
the graphs with the reservations discussed above, and the resulting mean 
Eg for all the pretreatments is 8.5 kcal.mol  ^ (Table 4.14)» The
-1equivalent value for the lower temperature range is 11.0 kcal.mol , and 
more reliability can be placed on this value. The Eg values for the 
single detailed experiment were 9*1 and 6.0 kcal.mol  ^for the lower and 
upper temperature ranges respectively.
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While the scarcity of plant material for Mertensia may he one 
explanation for the less consistent appearance of breaks in gradient, it 
is apparent from Table 4*14 that the pretreatment temperature does affect 
the Eg for this species. There is a decrease in mean E^ for the overall 
range (probably the most reliable figure for comparison) from 13*9 kcal.mol  ^
after 5°C pretreatments to 7*5 and 8.5 kcal.mol  ^ after 20° and 25°C 
pretreatments respectively. This may also have an effect on the way in 
which any break in gradient is affected by pretreatment though no firm 
conclusions can be drawn from the available data.
Of the southern species, Crithmum maritimum is the only one for 
which the Arrhenius plots over the experimental range 5° to 30°C show 
any consistent indication of a possible deviation from linearity for all 
temperatures of pretreatment. On the 6 point graphs the value of 
leg.gOPg for 5°G does not appear to lie on the straight line of the 
other 5 points for over 73?° of the pretreatments: typical examples of 
this are shown in Eig 4*7* While the deviation of this single point 
is not significant in isolation, the consistency with which it occurs 
lends weight to the possibility that it may reflect a real temperature 
dependent effect. The individual overall Eg results and those for the
experimental temperature range 10° to 30°C are given in Table 4*12 1
(it is not possible to calculate Eg below 10 C on the basis of one 
point) and from the corresponding means of Table 4«15> the mean Eg ,
for the overall range is 10.3 kcal.mol  ^ and tliat for the 10° to 30°C f?
range is 11.2 kcal.mol^”'. The detailed experiments on Crithmum gave
jAr-rhenius plots which appeared to confirm that there was a break in i
gradient which occurred at around 7°C, but since there are only three |
points on the lower temperature range line (shown in Eig 4»10) the
existence of a break only becomes slightly more definite on this 'j
bevidence. The data in Table 4*12 show the drastic reduction in Eq
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below 7°G from 13*5 to I.5 kcal.mol  ^for the 5°/49days pretreated 
plant : after 15°/4S days (detailed) the equivalent values were 11.0 
to 0.3 kcal.mol \  with the break again around 7°C. For this species 
the pretreatment temperature has less influence on Eg than the length of 
the treatment: 1 week treatments have a mean E of 13.8 kcal.mol”"^ and 
2,3 and 4 week treatments have values lying between 10.2 and 10.5 kcal.mol 
over the experimental temperature range of 10° to 30°C.
The Arrhenius plots for Limonium binervosum do not show, overall, 
any characteristics which could be said to deviate from a straight line. 
There is, however, an indication of two breaks in gradient on the graphs, 
which do not occur together in the present limited data. From E_ figures 
in Table 4«13, the 5°/ and 10°/2 weeks pretreatments on L.b.V and the 5°/ 
and 10°/3 weeks pretreatments on L.b.B show a break in gradient between 
15° and 20°C or 20° and 25°C (Fig 4*11) similar to that shown by 
Ligusticum and Mertensia, all with slightly'improved values of 'r' for 
the two shorter lines over that for the whole temperature range. This 
type of break is absent from any pretreatments at higher temperatures.
After some higher temperature pretreatments, notably 20°/ and 25°/2 weeks 
and 25°/3 weeks for L.b.V and 20°/3 weeks for L.b.J (Table 4.13), there 
is a more definite break in gradient. This break (Fig 4*12) is between 
10° and 20°C and is of a similar kind to that observed in Crithmum.
These breaks for Limonium each result in changes in Eg over the 
experimental temperature range of 5° to 30°C. The lower temperature 
(5° and 10°C) pretreated plants which show a 'northern type' break, with 
reduced Eg at the higher end of the temperature range, have widely varying 
individual values of Eg above and below the break, (Table 4.13) but the 
means of E^ (from Table 4.15) are 8.5 and 15*5 kcal.mol  ^for 5°0 pretreated 
plants and 4 .6 and 14.2 kcal.mol"^ for 10°C pretreated plants, with the 
higher temperature range figure quoted first in each case. The higher
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temperature pretreated (20° and 25°0) plants have the'southern type' 
break with reduced Eg at the lower end of the experimental t emperature
range studied. The mean values of Eg here (from Table 4*15) are 16.0 and
*1 o • 19.1 kcal.mol for 20 C pretreated plants, and 16.0 and 5-0 kcal.mol
for 25°C pretreated plants, again with values for the higher end of the -
temperature range quoted first. While all these means are based on very
few measurements, the fact that the pattern of breaks is consistent for
2 and 3 week pretreated plants suggests that this is a real effect
dependent on the temperature of pretreatment. The time of pretreatment
alone (Table 4*15) has no influence on the resulting Eg.
The two detailed temperature experiments for Limoniimi both yielded 
straight line Arrhenius plots (Fig 4.13). One plant had been pretreated 
at 15°0 for 17 days and the other at 5°C for one day only, with 
corresponding Eg values (Table 4*13) of 11*9 and 12.7 kcal.mol ^ respectively. 
On the basis of the other experiments, the 5°C pretreatment might have 
been expected to show a break, but one day is hardly long enough for the 
plant to have responded. Two out of the three other 15°C pretreated 
plants (Table 4*13) also gave straight, line Arrhenius plots and the break 
v/as after 3 weeks at this temperature in the third. The 15°C pretreated 
plants appear to respond to experimental temperature in a way which is 
intermediate between that of plants exhibiting the 'northern type' or 
'southern type' breaks and this probably results in the observed straight 
line. There are no apparent differences between the plants from the 
three different sources used.
Of the fifth species, the southern Glaucium flavum, only one plant 
survived and this was subjected to a detailed temperature experiment to 
gain maximum information. The resulting Arrhenius plot Fig 4*14? yielded 
a good straight line (r = 0.997) over the whole range from 4° to 31°C, 
with an activation energy of 12.7 kcal.mol (Table 4*13).
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Table 4.10 ; Ligusticum scoticum. Activation energi
in kcal.mol” from Arrhenius p].ots*
es (E )
*5“"20° range gives a better straight line, = 14.43 (0.993)
Values of E and »r* calculated from data of Tables 4.2 and 4.3.
Notes: 1 - E, calculated from gradient of regression line for the pointsoi the Arrhenius plots in the temperature range indicated. The second place of decimals is. not significant.2 ~ 'r* is correlation coefficient for the relevant regression line (see Campbell, 19^7). For t/o point lines, no value of *r' can be calculated: shown by (-).
Lower temp, range Higher temp.range Whole temp.range
Pretreatment % (r) °C % (r) °c (r) °C
10°/ 6 days ’ 76 14.51 (0.999) 5-15 4.71 (-) 20-25 11.03 0.982) 3-23
15°/ 6 days " 13.73 (0.999) tt 10.20 (-) tt 12.61 0.998) I!
20°/ 7 days " 15.58 (0.997) II 7.99 (-) tl 13.36 0.992) II
23°/ 7 days " 12.85 (0.999) II 8.13 ■ (-) It 11.03 0.993) tl
10°/13 days " 15.20 (0.995) 5-15 10.03 (“) 20-23 14.38 0.996) 3-23
15°/13 days " 12.78 (0.999) tt 3.50 (~) It 8.90 0.969) tt
20°/i6 days " 11.83 (0.985) It 10.80 (-) 1 12.30 0.996) II
23°/l6 days ” 14.07 (0.999) tt 2.67 („) II 9.17 0.936) It
3°/l4 days '77 15.69 (0 .996) 5-15 3o68 (0.999) 20-30 10.93 0.976) 3-30
10°/13 days " 13.21 (0 .996) It 4 » 94 (O.990) It 9.70 0.979) It
13°/13 days c 14.25 (0.984) II 7.91 (0.979) It 11.98 0.989) It
20°/i6 days " 16.78 (0.999) It 3.63 (0.991) II 13.22 0.978) If
23°/l6 days " 12.01 (0.999) ti 7.18 (0.996) 10.31 0;993) tt
3°/2 0 days *77 13.21 (0.999) 3-13 10.73 (0.999) 20-30 12.80 0 .998) 3-30
10°/21 days " 12.51 (0.999) If 8.80 (0.999) tl 11.19 0.997) II . i
13°/21 days " 13.69 (0.983)4î It 3.31 (0.999) It 11.47 0.980) II ■1
20°/22 days 12.54 (0.996) tt 3.12 (0.984) 11 10.72 0.983) It
23°/22 days ” 11.34 (0.997) tl 3.90 (0.983) It 10.80 0.987) II 1
Detailed: 2°C exuerinieni:al temp• interval
5°/1 9 days 15.80 (0 .999) 10-16 7.80 (0.992) 18-30 10.38 0.984) 10-30
10°/28 days 22.86 (0.999) 10-14 8.14 (0.993) 16-30 10.37 0.974) It
15°/19 days 16.21 (0.998) 10-16 7.36 (0.990) 18-30 10.60 0.979) tt
20°/28 days 16.46 (0.999) 10-16 8.36 (0.996) 18-30 10.43 0 .986) tl
o e  A - - 'A ' v.Arc7.-%.:
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Table 4.11 ; Mertensia maritima. Activation energies (E„) in
kcal.mol” from Arrhenius plots.
lower temp. '^ange Higher temp.range Whole temp.range
Pretreatment %  . (r) °G (r) °C (r) °C
5°/15 days ’77 13.42 (0.995) 3-20 6.43 23-30 13.86 (0.992) 3-30
10°/i6 days tl 10.71 (0.969) II 6.14 It 11.82 (0.986) It
15°/16 days II 10.08 (0.973) It 8.67 • It 11.70 (0.988) It
20°/17 days II 9.34 (0.999) II 9.04 It 9.08 (0.999) It
25°/l7 days II 9.87 (0.997) tt 8.93 It 9.13 (0.997) tl
5°/27 days ’77 13.27 (0.999) 3-20 6.93 23-30 13.03 (O.99I) 3-30
10°/28 days It 10.61 (0.998) It 20.44 tt 12.61 (0.990) It
15°/28 days It 8.83 (0.995) II 13.93 tt 10.26 (O.990) tt
20°/29 days II 7.32 (0.977) It 3.81 It 6.99 (O.990) It
25°/29 days It 7.77 (0.963) tl 9.01 tt 7.91 (0.988) It
5°/i4 days ‘78 14.43 (0.995) 3-20 4.71 23-30 14.03 (0.981) 3-30
10°/14 days It 6.31 (0.781) It 6.26 It 6.33 (O.919) It
15°/14 days It 8.32 (0.987) It 11.67 : » 8.24 (0.994) It
20°/i4 days It 8.36 (0.984) It 7.03 tt 6.46 (0.969) tl
5°/21 days *78 17.79 (0.987) 3-20 3.73 23-30 14.60 (0.981) 3-30
10°/21 days II 13.73 (0.997) II 3.61 tl 13.72 (0.988) II
Detailed : 3° experimental temp, interval
20°/17 days 178 9.11 (0.958) 4-19 3.96 (0.997) 22-31 8.36 (0.986) 4-31
Values of and *r* calculated from data of Tables 4.4 and 4.8. 
Notes as for Table 4.10
i  i l l  1. .2 ii"  • • iZLi 1
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Detailed; 2 C experimental temp interval
3°/49 days 1.36 (0.993) 3-7 13*32 (0.990) 7-29
13°/48 days 0.27 (0.946)** 3-7 10.97 (O.983) 7-29
12.33.(0.983) 3-29
10.79 (0.971) 3-29
*13-30° range gives a better straight line, 10-30° used for consistency* 
'*3° point not reliable, insufficient equilibrium time at start.
Values of and *r* calculated from data of Tables 4,5 and 4.6 •
(-no value can be calculated for single point below 10°C).
Notes as for Table 4.10
'I
I
Table 4,12 : Crithmtm maritimum* Activation energies 
kcal.mol” from Arrhenius plots*
(E ) in
lower temp range Higher temp, range Whole temp, range
Pretreatment °G Eg (r) °C Eg (r) °C
3°/ 6 days 13.93 (0.996) 10-23 16.04 (0.999) 3-23
109y 6 days - 13.39 (0.996) " 11.34 (0.979) "
13°/ 6 days - 13.69 (0.997) " 11.71 (0.983) "
20°/ 7 days — . 12.11 (0.996) " 11.19 (0.993) " :
25°/7 days - 13.48 (0.996) " 11.91 (O.990) " '
3°/13 days — 11.49 (0.993) 10-30 11.07 (0.996) 3-30
10°/13 days — 10.73 (0.997) " 9^68 00.994) "
13°/13 days - 10.10 (0.999) " .9.33 (0.997) "
20°/l6 days - 10.03 (0.996) " 8.78 (0.983) "
23°/16 days — 10.32 (0.990) " 8.94 (0.979) "
3°/21 days — 9.38 (0.988) 10-30 9.26 (0.992) 3-30
10°/21 days - 11.00 (0.996) " 10.96 (0.998) "
13°/21 days - 10.43 (0.996) " 9.81 (0.994) "
20°/22 days — 9.38 (0.998) " 9.22 (0.999) "
23°/22 days - 10.64 (0.997) ' " 10.07 (0.996) "
3°/2B days - 10.30 (0.997) 10-30 9.70 (0.996) 3-30
10°/28 days — • 9.33 (0.988) " 8.37 (0.984) "
l3°/28 days - 10.39 (0.998) " 9.73 (0.996) "
20°/29 days — 10.19 (0.993)* " 9.16 (0.987) "
23°/29 days — 11.13 (0.993)* " 9.73 (0.984) "
' ' ■ • i  _ _ _ _ _ _      _  _ _      ; • rV.A„ ‘zJSJ;
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Table 4.13 : Limonium binervosum and Glauciim flavum* Activation
energies (Eg) in kcal.mol” from Arrhenius plots*
Lower temp, range Higher temp.range Whole temp.range
pretreatment • ^a (r) ■°C .(r) °C (r) °C
Limonium
binervosum
5°/14 days B 21.47 (0.998) 5-15 10.85 (0.993) 20-30 12.0^ 1- (0.937) 3-30
10°/l4 days B (points erratic) 6.29 (0.896) I
15°/14 days J (straight line) 3.38 (0.974) It
20°/l4 days J (points erratic) 6.37 (0.838) II ■I3°/14 days V 14.33 (0.999) 3-20 10.13 (") 23-30 13.36 (0.998) 3-30 2?
10°/14 days V 16.67 (0.999) 3-13 8.22 (0.989) 20-30 13.17 (0.988) II
13°/14 days V (straight line) 13.13 (0.997) It '4
20°/l4 days V 7.36 (0.999) 3-15 13.17 (0.998) 20-30 11.93 (0.987) It23°/14 days V 1.69 (-) 3-10 12.87 (0.999) 13-30 9.13 (0.964) 11
3°/21 days B 10.66 (O.990) 3-20 4.66 (-) 23-30 9 .32 (0.989) 3-30
10°/21 days B 11.76 (0.982) 3-20 1.09 (-) 23-30 9.77 (0.973) II
13°/21 days J 10.38 (0.992) 3-13 16.39 (0.969) 20-30 10.27 (0.964) It
20°/21 days J 10.36 (0.992) 3-13 16.88 (0.973) 20-30 10.02 (0.964) II
23°/20 days V 8.41 (0.999) 3-13 19.09 (0.999) 20-30 11.76 (0.973) II
Detailed 3° experimental temp. interval '
7
3°/ 1 day V (straight line) 12.70 (0.993) 4-31
13°/17 days B (straight line) 11.90 (0.993) 4-31 1
Glaucium flavum
Detailed 3° experimental temp, interval
3°/ 1 day (straight line) 12*73 (0.997) 4-31
Values of Eq and *r* calculated from data of Tables 4.7 and 4.8.
The letter B, J or V refers to the origin of the plant used as shown in Table 4.1 (page 77 )
Notes as for Table 4.10
; \.V- ' ri'' V ' ''V— '.; Vf: r,t';V - ' -C-
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Table 4,14 ; Mean values of activation energy (B ) for the two
northern speciesj Ligusticum scoticum and 
Mertensia maritima, considered relative to time and 
temperature of pretreatment separately*
Pretreatment 
Ligusticum scoticum
-1Activation energy (Eg), kcal.mol 
Lower range Higher range Whole range
3° (all times) 14*43 +1.24 (2) 8.20 +2.32 2) 11.86 +0.93 (2)
10° I! 13.86 +0.61 (4) 7.12 +1.33 4) 11.38 +0.99 (4)
13° t: 13.61 j.0.30 (4) 6.68 +1.30 4) 11.24 +0.81 (4)20° u l4.l8 +1.19 (4) 7.39 +1.30 4) 12.40 +0.61 (4)23° I 12.37 +0.39 (4) 3.97 +1.19 4) 10.33 +0.41 (4)
1 week (all temps) 14*17 +0.38 (4) 7.76 +1.13 4) 12.01 +0.38 (4)
2 weeks‘?6 " 13.47 +0.74 (4) 6.70 +2.13 4) 11.19 +1.31 (4)
2 weeks'77 " 14.39 +0.83 (3) 6.27 +0.33 3) 11.23 +0.62 (3)
3 weeks " 12.66 +0 . 40 (3) 7.17 +1.11 3) 11,40 +0.38 (5)
All treatments (not detailed) 13.63 +0.33(18) 6.93 +0.39( 8) 11,44 +0.33(18)
Detailed 17.83 +1.68 (4) 7.91 +0.22 4) 10.33 +0.03 (4)
Mertensia maritima
3° (all times) 13.72 +0.72 (4) 3.93 +0.48 4) 13.89 +0.32 (4)
10° u 10,84 +1.92 (4) 9.11 +3.82 4) 11.17 +1,39 (4)
13° II 9.08 +0.32 (3) 12.10 +2.11 3) 10.07 +1.00 (3)20° II 8.34 +0.38 (3) 7.29 +0.94 3) 7.31 +0.80 (3)
23° II 8.82 +1.03 (2) 8.98 +0.03 2) 8.33 +0.62 (2)2 weeks '77all temps 4 v/eeks *77all temps
11.12
10,00
+1.09
+1.42
(3)
(3)
7.83
11.63
+0,64
+3.82
3)
3)
11.12
10.16
+0.90
+1.21
(3)
(5)
2 weeks *78all temps 9.40 +1.73 (4) 7.42 +1.30 4) 8.82 +1.79 (4)3 weeks *78all temps 16.76 +1.03 (2) 4.67 +1.06 2) 14.16 +0.44 (2)
All treatments (not detailed) 11.03 +0.88(16) 8.32 +l.o8( 6) 10.63 +0.72(16)
Detailed 9.11 - (1) 3.96 1) 8.36 - (1)
;
Note -Means are calculated from individual values of Tables 4,10 and 4.11 and are expressed +S.E, (standard error, see Campbell, 196?) with number of values used for each mean given in brackets.
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Table 4.13 : Mean values of activation energy (Eg) for the two
southern species, Critlimum maritimum and 
Limonium binervosum, considered relative to time and 
temperature of pretreatment separately. I
Activation energy (Eg), kcal.mol-1
Pretreatment
Crithmum maritimum 
3° (all times)
10° II
13° II
20° II
23° u
1 week (all temps)
2 weeks "
3 weeks "
4 weeks '»
All treatments (not detailed)
Detailed
Limonium binervosum 
3° (all times)
10°  II
13° II
20° II
23° II
2 weeks B & J
2 weeks V -
3 weeks, B, J & V
All treatments .(not detailed)
Detailed
Lower range Higher range Whole range
0.91 +0.64 (2)
15.35
14.21
10.38
9.06
3.03
21.47
10.11
10.33
11.37
+3.16 (3) 
+2.43 (2) 
- (1) 
+1.30 (2) 
+3.36 (2) (1)
+3.41 (4) 
+0.34 (3)
+1.70(10)
11.82 +1.42 (4) 11.32 +1.33 (4)
11.22 +0.83 (4) 10.14 +0,63 (4)
11.16 +0.83 (4) 10.20 +0.31 (4)
10.43 +0.39 (4) 9.39 +0.54 (4)
11,40 +0.71 (4) 10.17 +0.63 (4)
13.76 +0.61 (3) 12.44 +0.91 (3)
10.34 +0.27 (3) 9.60 +0.40 (3)
10.21 ÿ .31 (3) 9.86 +0.32 (3)
10.31 +0.26 (3) 9.39 +0,23 (5)
11.20 +0.38(20) 10.32 +0.37(20)
12.24 +1.27 (2) 11.36 +0.77 (2)
8.33 +1.93 (3) 11.64 +1.24 (3)
4.63 +3.36 (2) 9.74 +1.99 (3)
16.39 ** (1) 9.39 +2.26 (3)
16.02 +0,83 (2) 9.31 +1.37 (3)
13.98 +3.11 (2) 10.43 +1.30 (2)
10.83 — (1) 7.37 +1,31 (4)
11.60 +1.32 (4) 12.19 +0.81 (3)
11,66 +3.66 (5) 10.23 +0#4l (3)
11.33 +Ii8l(10) 10.17 +0.71(14)
- 12.30 +0«40 (2)
Note - Means are calculated from individual values of Tables 4.12 and. 4,13 and are expressed + S.E. (standard error, see Campbell, I967) with number^of values used for each mean given in brackets.
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DISCUSSION AND CONCLUSIONS
The root respiration rates of the northern and southern coastal ?|
species studied show different responses to changes in experimental 
temperatures, and also differences in the form of the corresponding 
Arrhenius plots and resulting energies of activation (Sg^ ) for the various 
temperature ranges* These responses also vary to some extent with the 
temperature (and to a lesser extent time) of pretreatment to which each 
plant had previously been subjected, though this was different for each 
species studied.
The higher respiration rates (as QOo) of the northern Ligusticum 
and Mertensia, and the rapid, almost linear, increase in respiration 
with increasing temperature up to ^O^C, means that both plants appear to 
be well adapted to take maximum advantage of warmer spring weather by 
their rapid response. This theoretical advantage is confirmed by field 
observations, for Ligusticu^i at least, where after only a few days of 
noticeably warmer spring weather (in March or April in St* Andxev/s) a 
very great increase in foliage is rapidly apparent* This ability to 
respond so fast to improved temperature conditions is of even greater 
importance in the more northern parts of the range of these plants where 
the growing season may be reduced to a fevf weeks only , and a rapid res­
ponse is imperative for the plants^ survival. Conversely the high 
respiration rate may be the reason for these plants being unable to 
survive in southern Britain or beyond where the high respiration rates 
corresponding to the higher (southern) temperatures could result jji . 
excessive depletion* In order to form a more positive opinion on the 
effect of respiration on survival in the south for the northern plants, 
it would be necessai’y to have a detailed knov/ledge of the effect of 
temperature on photosynthesis and replenishment of carbohydrate in 
summer* This is beyond the scope of the present study and would be 
a logical extension of it*
The southern Crithrnum and limonium both have much lov/er rates of 
respiration which are only about one half of those of the two northern 
plants at. any given (experimental) temperature in the range studied*
— - S ' - - " - ' a" ■ \ '
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These two species have a similar rate of increase of respiration with 
temperature to the northern species, though the form of the response is 
closer to an exponential type curve than for the northern species. The 
respiration rate for these southern species shows only small increases 
at temperatures up to about 10°C, and thus the plants do not have the 
ability to respond to increasing temperature in the same rapid way as 
the northern plants at these lower temperatures. In fact a high rate 
(QO^ ) and rapid response would probably be a disadvantage to these plants 
which encounter higher temperatures in their natural habitats than do the 
northern plants*
The limited study of Glaucium flavurn yields respiration rates which 
are sufficiently high to be more akin to those of the northern species 
studied than to the southern group to which it belongs on the basis of 
its distribution* However, no further conclusions can be drawn on the 
basis of the single set of measurements* Fui'ther study is necessary, and 
especially on any effect which prolonged natural!sation in the north 
(St. Andrews botanic garden for 5 years) may have had on the physiology 
of respiration, either as expression of physiological plasticity or by 
selection*
For the southern species even more than the northern, a knov/ledge 
of the photosynthetic i-esponse to temperature v/ould be the next priority 
for study, for. comparison with the rates of respiration. All three 
southern species used in the present investigation retain at least some 
photosynthetic tissue throughout the v/inter: as leaves only for Glaucium 
and Limonium, and as leaves and green parts of the stem for Crithrnum.
This potential for replacement of at least small quantities of carbo­
hydrate in winter must be of some importance to the plants for their 
v/inter survival, as Stev/art and Bannister (197^ -) pointed out for 
Vac cinium uliginosurn*
Respiration response to experimental temperature does vary v/ith the 
pretreatment temperature (and to a lesser extent with time) for all the 
four main, species studied. This is most marked for Mertensia, v/ith a 
reduction in response to experimental temperature v/ith increasing temp-
1
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erature of pretreatment. There is a similar hut less definite reduction 
in response in Limonium, but no clear pattern for Crithrnum or Ligusticum 
when considering QOg values alone.
When the Arrhenius plot data are considered, the contrast between 
the northern and southern plants is even more noticeable, with the mid­
range break in gradient of both Ligusticum and Mertensia, the low-range 
brealc for Crithrnum, two brealcs for Limonium, and straight line for the 
single Glaucium experiment.
The position of the break for Ligusticum, between 15^ and 20*^ 0, 
shows interestingly good correlation with the limiting July mean 
temperature isotherm for (19#0°C) shovm by the distribution maps
and discussed in Chapter 2 (page 12 ), Here it must be remembered that
all experimental measurements were carried out on roots, and thus the 
air temperature of the maps vrill be of less direct relevance to the 
limitation of distribution than the soil and soil surface temperatures 
actually encountered. The experimental break for Mertensia between 20° 
and 25°G is further removed from its July air temperature limitation of 
60°p (19*9^ 0) but the sa/ne reservations on the direct relevance of this 
to the temperature experienced by the roots and imderground stems are 
a].so of importance here. Scott (1963a) points out that in direct sun- 
li^t the shingle around Mertensia (see photo 2.2, page 19 ) may get 
so hot as to cause the plants to wilt, and though they do recover later 
in the day (when cooler) the high temperatures reached by the shoot will 
certainly affect the underground parts, if only by transfer of heat with 
the normal movement of water through the plant. This transfer of heat 
from above ground parts to the roots will only be of importance to the 
northern plants in the summer, especially if the-differences between 
leaf and air temperature are as great as the 22°C recorded by Salisbury 
and Spomer ( 1964) for alpine plants in sunlightAt times of the year 
when there are no above ground parts, then the root temperature will 
more closely reflect the soil temperature, and this will be the critical 
factor determining the plants* survival and distribution, as found by j
Higgins and Spomer (1976) and Anderson and McNaughton (1973) for various 
species.
M4
The apparent critical temperature for the two northern species, 
expressed for each as the point where the break in the Arrhenius plot 
occurs and there is a change in Eg, may be very close to an actual 
critical temperature for root respiration. The plants do not die if 
subjected to higher temperatures than this for short periods of time, 
but in effect compensate for the otherwise rapid increase of QO to 
very high levels by the reduction in gradient of the Arrhenius plot
which reflects a reduction in the actual rate of respiration and also in
the loss of carbohydrate from what it v/ould have been had there been 
no such break in gradient. A saving of up to 5 ^  in the respiration h
carbohydrate loss at 30°C has been calculated for Ligusticum at the ;|
modified rate as compared with the extended lower range rate for the 
10°/19 days '77 pretreated plants. This kind of saving is of maximum 
importance at these marginally suitable temperatures when the actual 7
rates of respiration are so high, since it- is these very high rates which 
will eventually bring about the depletion of reserves and subsequent f
death of the plant. The higher the temperature at which Ligusticum was 
pretreated, the smaller the percentage saving at 30°C appears to be, h
though this may be caused by overall progressive weakening of the plant. g
If death does not occur immediately, then it may occur by the next grow­
ing season due to insufficient reserves for the whole winter when no J
replenishment is possible, and by being at a general physiological 
disadvantage, especially if in competition with other species.
The reduction in Eg, reflected by slower rate of increase in 
respiration rates, at temperatures above the break in the northern species 
may reflect a compensation by the plants to reduce energy losses at these 
potentially unsuitable temperatures, or it may reflect a change in i
enzyme characteristics at these higher temperatures. Breaks in gradient |
of Arrhenius plots of similar form to those found for Ligusticum and 
Mertensia have previously been found for isolated enzyme systems of |
JS- u...< • .  ^. a - r-T. i • '•;■• • 'i
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various plant species which makes this the more likely explanation.
In work of Lyons and Raison (l970) reviewed by Larcher et al (l973)>
Arrhenius plots of succinate oxidation by mitochondria showed breaks 
in gradient for chilling sensitive species but not for chilling resistant
Iones. In this case higher Eg is found at the lower temperature range, 
which the chilling sensitive plants will not tolerate for any length of 
time, the reverse of the case with Ligusticum and Mertensia. However, 
a temperature dependent change in enzyme activity directly related to I
the chilling sensitivity was demonstrated, which lends weight to the 
direct relationship between the break found in the present study and its 
relationship with temperature limitations on distribution, though here 
the measurements were for the whole system of respiration (as oxygen 3
uptake) and not for a single enzyme. The parallel can be further drawn 
between the two systems in that measurable rates exist in both cases over 
the temperature ranges v/hich are unsuitable for the plants concerned 
over long exposure times, definitely resulting in death in the chilling 
sensitive plants and almost certainly so for the two northern plants of 
this study. Since overall respiration was measured there is the 
possibility of involvement of two or more enzymes in the formation of 
the observed break, as would occur if two enzymes with intersecting 
Arrhenius plots were rate limiting, one above the break and the other 
below. The measured overall respiration rate depends on the rate limiting 
reaction and thus could show a break in Arrhenius plot if such a change­
over in the rate limiting enzyme reaction occurred.
Of the three southern species studied, Crithrnum and Glaucium show 
no upper temperature range change in the gradient of Arrhenius plots 
while Limonium shows a break at experimental temperatures between 20 
and 29 C^ but only after 9°C and 10°C temperature pretreatments. However, 
in addition to its northern limit in Britain, Limonium binervosum also 
has a southern limit in west Spain or Portugal (at an unknown temperature)
I
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and might thus he more likely to show this apparent limitation by higher 
temperatures (as do Ligusbicum and Mertensia) than Crithrnum or Glaucium 
which are both found throughout the much warmer Mediterranean region and 
have to tolerate higher temperatures than Limonium. I
At the lower end of the temperature range, Crithrnum shows a change s|
in Arrhenius plot gradient at about 7^C, while after high pretreatment 
temperatures of 20° and 29°C, Limonium shows a similar break at between h
15° and 20°0, both species having a lower E below the break than above v:
it. Though occurring at different parts of the temperature range, these 
breaks are of the same form as each other but of a type seldom found %
previously. In the case of the enzyme fuTiarate hydratase in alkaline 
solution the Arrhenius plots for both the forwards and backwards reactions f
show a break of this type (Massey, 1953» cited in Dixon and Webb, 1964) 
though the break occurs at a range of temperatures from 22° to 32°C and 
no satisfactory explanation is offered. For the overall respiration (Q,0 )
I
of Crithrnum and Limoniun it seems most likely that this type of break 
results from changes in a single enzyme over the temperature range rather 
than an ‘interaction between two or more'enzymes as is possible for the 
northern species (discussed above). If only one enzyme is involved, then 
the.temperature induced change in Eg may reflect a change in conformation 
even to the extent of partial dénaturation of the enzyme protein at 
temperatures below the break, and if the latter is true then the plant may 
eventually die as lower temperatures are reached and a greater proportion 
of the relevant enzyme is rendered inactive. However, the break may  ^
represent different changes for the two southern plants, especially in 
view of the dependence on pretreatment temperature in Limonium for the h
appearance of the break. :|
Though Crithrnum is limited by the 4G°F (4 .4°^) January mean isotherm --‘i
or the 35°1^  (l.7°C) mean February minimum isotherm (see Chapter 2 page 26) j
1the mature plants are apparently not killed by frost which does kill its -'j
3?
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seedlings (Malloch, 197^) though the degree of frost is not mentioned. 
Experiments by Okusanya (1976) however, did show that plants of Crithrnum i
showed good survival rates after being subjected to a temperature of 1
-5°C for 6 hours while keeping the roots unfrozen, and 50^ survival after 
treatment at -10°G for 2 hours. These experiments were carried out on 
young plants, apparently not in their winter condition, and thus possibly 
reflect survival potential against late and early frosts which are not f
generally too severe. In winter, even if not fully dormant, the plant is 
in a stake of reduced Metabolic activity having lost most of its leaves etc, 
and it may be that the break in Arrhenius plot found in the present study
is correlated with the change to and from this less active state. Thus %
%the respiration physiology and the way in which ik is affected by temperature J-
'do nob seem to play such an important part in the regu].ation of distribution 
of Crithrnum as other factors like seedling survival and ability to set ;
seed in ’bad' summers, as discussed by Okusanya (1976).
The connection, if any, between the temperature responses of %
Limonium and its distribution is not immediately clear, tliough the two 
breaks in gradient found after different pretreafcments may reflect the 
possible dual temperature limitation on the species at its northern limit 
at least (discussed in Chapter 2, page 34)« The restricted appearance 
of breaks on the Arrhenius plots which are pretreatment dependent, leads 
to the suggestion that Limonium may only change the characteristics of 1
its respiration response to temperature slowly with alteration in temp­
erature conditions. If the temperature increases very rapidly after the 
plant has been accustomed to the cold, then the upper temperature range 
break (and limitation) will come into play in a way which is not found 
when the plant has been conditioned to these higher temperatures. The 
converse may be true when the plant temperature is rapidly lowered after 
it has been acclimated to higher temperatures. The physiological mechanism 
of the respiration responses to temperature is not clear, though the
I
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possession of a range of temperature sensitive respiratory isoenzymes 
could produce this kind of effect. The suggested slov/ response to 
changing temperature may he closely connected with the European distribution 
of Limonium binervosurn, where it is an exclusively ’Atlantic’ species, and 
thus usually only experiences relatively gradual changes in temperature 
conditions throughout the year which enable it to modify its responses 
at such a rate that it remains or becomes acclimatised to the prevailing 
temperature conditions at all times. While this explanation of the two 
breaks for. Limonium appears to be in accordance with the distribution of 
the plant, it must be remembered that the number of treatments in which 
each break was found was small, and less confidence can thus be placed |
on the results for this plant than for the others discussed above.
The Arrhenius plot for the single plant of Glaucium is a straight 
line over the experimental temperature range studied.
Table 4*16 : Mean values of activation energies, with that for the 
temperature range appropriate to the distribution of 
each plant underlined.
•■"1Activation energy, E^ , in kcal.mol 
Species d
Lower range Higher range Whole range ||
Ligusticum sooticum 13*65 ±0.35 (l8) 6.95+0*59 (lS) 11*44 ±0*35 (18)
Mertensia maritiraa 11.O5 ± 0.88 (16) 8.52 ±1.08 (16) 10.63 ±0.72 (16)
Crithrnum maritimum O.9I ±0.64 (2)+ 11.20 ±0.38 (20) 10.32 ±0.37 (20)
Limonium binervosum - - 10.17 ±0.71 (14)
Glaucium flavurn - - 12.73 (l )
* This value, from the detailed experiments, is not strictly 
comparable with others in the Table, but it has been
included for comparison. *
Values taken from Tables 4*14 and 4*15*
Over the individual temperature ranges closest to those experienced 
by each plant for most of the year in its natural habitat there is a h
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close similarity in the values of for the overall respiration reaction
(0,0 ) for all the plants. These are summarised in Table 4*16 (above) and
— 1 — 1range from 13.6 kcal.mol for Ligusticum to 10.2 kcal.mol for Limonium.
The whole temperature range value has been used for Limonium in view of
the greater uncertainty (and complexity) of breaks, and for Glaucium since
no break was found. The fact that these ’distribution associated' values
of Eg are v/ithin such a restricted range is itself confirmation that the
overall respiration process (measured as QO ) is comparable for all the
species studied, and also lends weight to the suggestion that the reduced
Eg above and below breaks in Arrhenius plots (where appropriate) is
indicative of some kind of ’non-typical’ respiration response.
To siiramarise, the main fact to emerge from the work of this chapter 
is that there is good evidence for a direct correlation between distri­
bution of the northern plants studied, Ligusticum and Mertensia. and 
their root respiration response to temperature. A similar dependence 
on temperature response is nob unequivocally demonstrated for any of 
the southern plants, though there are possible indications of this for 
Crithrnum and Limonium.
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CHAPTER 9
EFFECT OF TEMPERATURE ON WHOLE PLANTS
INTRODUCTION
The information in this chapter on observed changes in morphology of 
whole plants of Ligusticum scoticum, Mertensia maritiina and 
Limonium binervosum mainly resulted from incidental observations made on 
temperature pretreated plants subsequently used for the respiration experi­
ments of Chapter 4. No observations were made on Crithmujn mai*itimum or 
Glaucium flavurn* Additional information on Ligusticum was gained from a 
separate experiment* Possible direct effects on the survival of the 
plants were then considered,
MATERIALS AND METHODS
1 * Incidental observations on the effect of pretreatment at a range 
of temperatures.
The plants were those whose origins are given in Table 4,1 (page 77 )• 
As already described in Chapter 4, the plants were taken from the pots in 
which they had been growing, or freshly collected, and surplus sand was 
gently removed. They were then kept in air-filled polythene bags with 
some damp tissues in the temperature controlled cabinets in the dark. The 
pretreatments lasted for the lengths of time indicated in the Results 
section(as in Chapter 4), Observations on any changes in morphology of 
the plants were made, with varying detail, immediately before they were 
•used for the respiration experiments*
2. Whole plant reaction of Ligusticum scoticum to pretreatment at a 
range of temperatures.
This was a separate attempt to quantify the whole plant response of 
Ligusticum when subjected to a range of constant temperatures, in addition 
to the information gained from the pretreated plants of Chapter 4,
The plants were kept in the dark, to make them comparable with 
earlier experiments, and so that no replenishment of carbohydrate by 
photosynthesis could occur* This restricted the effects observed to 
results of respiration and other related growth processes.
-fU:
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Pre\d.ously collected plants in their winter state v/ere washed under 
the tap, gently mopped dry and weighed* They were then planted in moist 
sand, two to a pot, in plastic pots, and one pot was placed in each temp­
erature controlled cabinet, in the dark, at 9, 10, 19, 20 and 29°C* The 
experiment lasted for 8 weeks, starting in mid-January, and the pots were 
watered when necessary during this period* At the end of the experiment 
a record v/as made of the visual appearance of the plants and then they 
were again washed dried and weighed.
j
 . . . . . . . . .  .. j
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RESULTS
1 * Incidental observations on the effect of pretreatment at a range 
of terri-peratiares.
In considering these resul-ts it must be I’emembered that the conditions -{j
experienced during these experiments are far removed from those which the
plants would experience in their natural habitats. This is particularly 
so for the southern species which would never be subject to long periods 
of continuous darkness. IIThough the information in Table 9*1 is not complete, it does show that 
Ligusticum leaves become etiolated at any temperature above 9°C, at which 
temperature they remain green and still small enough to be protected by 
dead leaf bases. There are not great differences apparent in Table 9«1 
between the treatments in terms of the amount of etiolation resulting from 
experiments up to 4 weeks, though the maximum elongation occurs after 19°C 
for 19 days. Further information is available for Ligusticum in Resu3.ts 2 
(below)•
The information for Mertensia (Table 9*2) is more complete. 9°C pre-
treated plants remain in a condition similar to that observed initially 
while 10° and 19% pretreated plants show progressively increasing etiola­
tion of leaves of up to 9 cm in length after 4 weeks at 19°C. The 20° 
and 29°C pretreatments show progressively decreasing length of etiolated 
leaves relative to 19°C treated ones* In all cases only the terminal. 9 
or 4 buds showed any response to the temperature treatments* New lateral .
roots developed only occasionally, and then only on the larger plants*
Limonium plants retain green leaves throughout the winter and are 
thus more susceptible to the lack of light* The root morphology of the 
plants from the three origins (see Table 4.1, page 77 ) differed con- Lj
siderably at the start of the experiments, but this did not appear to 4
\  Jaffect leaf response to temperature. L.b.B* had long roots with hard ;|
fibrous laterals; L.b.J. had a woody primary root with newer laterals;
and L.b.V had only a woody root/stem base* In all pretreatments at 9°C '
the plants were healthy looking and the leaves remained green as Table
9*9 shows* After 2 v/eeks, only those plants stored at 20° or 29°C ji
■ Î'‘I - ■„ J * '.k 'k'.'.*!'.'■ 3 .............   - J. ... .. ... 2 .....__ ..........   . .. ..i.......... . ,. « . . . A.l'.i.!
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showed any yellowing and etiolation of the leaves, however, by 3 weeks 
there was progressively worse yellowing from 10° to 29°C pretreatment#
The plants treated at 25 C for two and three weeks both li£id tv/o new 
latera.l shoots vhiich were also etiolated.
2* Whole plant reaction of Ligusticum scoticum to pretreatment at a
range of temperatures#
The measurements of weight as presented in Table 5<>4 for the Ligusticum 
plants before and after storage were intended as a rough indication of 
the changes in weight due to respiration and growth in the dajrk® Altera- 
tiond of internal water relations may have given misleading results in 
some cases, as for the percentage rise in fresh weight after 10° and 15°C
pretreatments (1 plant in each case), when a reduction in weight might be
expected# The liighest percentage loss of weight was found in the three 
plants which died#
The observations on the morphology of the plants show a clear pattern 
(Table 5*4)# With increasing temperature of storage from 5° to 15°G the 
length of etiolated leaves increased, and it decreased thereafter up to 
25°C stored plants which did not survive the experiment after their initial 
elongation# 15°C stored plants had most new root growth and greatest 
elongation of leaves, and one plant even had two well developed inflor­
escences* Photo 5*1 shows the condition of all the plants at the end of 
the experiment #
All the plants which were still living at the end of the experiment 
were repotted and placed in an open cold frame outside in early April*
All recovered well and some flowered and set seed*
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Table 5«1 : Observations on changes in morphology»- under constanttemperature conditions in the dark for Ligusticum scoticum.
Pretreatment °G Leaf elongation
5°/i4 days (*77) Lvs* visible but not elongated.
10°/15 days Tl To 1 cm*
15°/15 days tl To 1 cm.
20°/16 days 
25°/l6 days ]" ) "
Elongated,(no measurement)
10°/21 days 
13°/21 days
) " )) "
Elongated,(no measm.-eraent)
13°/19 days t! To 3 cm.
10°/28 days n Healthy, sprouting.
20°/28 days ff Sprouting.
No changes in root morphologyi
I
II
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Table 5*2 : Observations in morphology under constanttemperature conditions in the dark for Mertensia maritima.
Pretreatment C
5°/13 days
5°/15 days 
10°/16 days
1 5 /1 6  days
20°/1? days
25°/17 days
5°/27 days
20°/28 days 
25°/28 days
(*77)
(*77)
10°/28 days ”
15°/28 days "
5°/l4 days ) (*78)
10°/l4 days ) "
15°/14 days "
20^/14 days ”
20°/l6 days ”
5°/21 days
10°/21 days
Roots
3 new laterals, c*2 cm long.
Leaf elongation
Buds enlarged.
Buds enlarged.
To 1 cm, upper 3~4 buds only.
0*5-3 cm, upper 3 buds only.
To 1 cm. Top 3 buds.
To 0 .5 cm.
Buds enlarged as for 5 15 days.
To 3 .5 cm, top 3 buds. Lower buds no elongation.
To 5 cm, top 4 buds. 5th bud to 1 cm.
To 0*5 cm, 2 buds.
To 1.5 cm, 3 buds. 4 small laterals.
Buds enlarged.
To 3 cm.
To 3 cm.
To 5 cm.
Buds enlarged 
To 0 ,5 cm.
I
Table 5*3
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Observations on changes in morphology under constant temperature conditions in the dark for Limonium binervosum.
. Pretreatment (°C) Leaves
L.b.B
L.b.B
5°/l4 days ) 
10°/14 days ) Green and healthy looking.
L.b.J 15°/14 days Green.
L.b.J 20°/l4 days Slight yellowing and elongation.
L.b.V 5°/l4 days Green, reddish centre.
L.b.V 10°/l4 days Green, small area of rot.
L.b.V 15°/14 days Green, slightly limp.
L.b.V 20°/14 days Yellowing, slight etiolation, ■1L.b.V 25°/14 days 2 new shoots, all etiolated.
L.b.B 5°/21 days Green and healthy looking.
L.b.B 10°/21 days Slight yellowing.
L.b.J 15°/21 days Yellowing.
L.b.J 20°/21 days Yellov,', etiolated
L.b.V 25°/21 days Etiolated and some rotting. 2 new shoots.
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Table 5.4 ; Ligustlcim sco^oum. Observations on the changes inmorpKblogy''*and fresh weight after constant temperature storage for 8 weeks in the dark.
3 S g h f ( s )  f w f e L i s )  Change Observations
5° 28.7 21.2 .-26.1 )) Small leaves, no elon~5° 9.2 8.0 -13.1 ) gation,
10° 22.0 14.7 “*33.2 Dead»possibly damagedat start.
10*^  33*9 37*5 +10.6 Leaves to 12 cm.Many new fibrous roots.
15° 48*8 58.9 +20.7 Leaves to 20 cm, 2inflorescence initials* Many new fibrous roots*
15° 49.1 45 .0 - 8.4 Leaves to 15 cm. Fewnew roots.
20° 32.1 22.4 -30.2 Leaves to 5 cm. Someoriginal roots dead* Few new fibrous roots,
20° 14.9 11.4 -23.5 Leaves to 6 cm. Fewnew fibrous roots.
25 15.3 9*0 -41.2 ) Leaves to 5 cm.
25° 18.9 8.6 -55.5 )
,9 1
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Photo 5,1 : Ligi-isticum scoticum. Response to temperatures of
storage from 5° to 25°C in the dark for 8 weeks*
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DISCUSSION AND CONCLUSIONS
In both northern species a maximum response interms of etiolation 
is observed, after storage at 13^C in a way very similar to that shown 
by V/ard (1976) for.stored onions. Above this temperature the plants show 
less elongation but this is not fatal in sjij experiment except 8 weeks 
at 25°C for Ligusticum. The fact that the other 8 week dark treated 
plants recovered after the experiment suggests that' fairJ.y lengthy sub­
jection to high temperatures is necessary to affect directly the survival 
of the plant. However, any prolonged high temperature will tend to 
weaken the plant by leaving it both desiccated and with less "in reserve" 
(carbohydra.te etc.), and this may malce it more susceptible to attack and 
death from other causes e.g. grazing damage or fungal infection. The 
fact that the two northern species have no leaves in the winter means 
tliat the effects observed in this experiment could be of direct relevance 
to the plant if it should be subjected to high temperatures early in the 
season before leaf growth and before significant lengthening of the hours 
of daylight in the higher latitudes of the plants* ranges.
Liraonium, the only southern species for which observations are 
available, shows progressively greater etiolation lengthening and yellow­
ing of leaves with increasing time and temperature of storage. No plant 
was kept for more than 3 weeks and no deaths occurred in this time. 
However, this plant has little scope for storage of reserves in its 
small rootstock, and by remaining green throughout the winter it prob­
ably relies on continuous photosynthetic replenishment for survival. 
Limonium does not show any decrease in response with increasing 
temperature as the two northern species do above 13°C, and this is in 
keeping with its southern status.
It is of interest bo compare the responses of the plants with the 
results of Chapter 4# Both northern species, Ligusticum and Mertensia, 
show a break in gradient approximately between 13^ and 20^0 on the 
Arrhenius plots, and both also shov/ reduced response of plants to 
temperature above 13°C* The southern Limonium has a break in Arrhenius 
plot gradient similar to that of Ligusticum and Mertensia but only after
1I
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storage at 20° or 23°G and the progressively greater etiolation of 
plants with increasing time and temperature reflects the generally 
straight line nature of Arrhenius plots* The growth of lateral shoots 
after 2 and 3 weeks at 23^0 possibly represents an acclimation of this 
plant to higher temperatures related to the break in gradient mentioned 
above.
j
1
1
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OHAPTSR 6
EFFECT OF TEMPERATURE ON CARBOHYDRATE CONTENT OF ROOTS 
INTRODUCTION
The carbohydrate status of a plant, in terms of starch and soluble 
sugar content, is of great importance for its survival since many of the 
vital physiological processes depend on the respiratory oxidation of 
sugars for the release of the energy necessary for these processes. The 
equilibriwi between starch and soluble sugars is temperature dependent |
(see for example James, 1953) with higher temperatures resulting in dis­
placement towards starch formation and lower temperatures in greater ^
soluble sugar concentrations. While temperature is important in regulating ^
this displacement, it also controls the rate of use of carbohydrate (as 
glucose) by respiration. In winter when some plants have no leaves, then 
respiration loss will be the main regulator of overall carbohydrate con- 
centration, but when leaves are present there may be some photosynthetic 
replenishment of carbohydrate.
There have been many studies of carbohydrate status in plants with 
relation to temperature and also to the temperature related variables of 
time of year and altitude. For example, Mooney and Billings (1965) 
investigated the effect of altitude on the carbohydrate content of several 
North American alpine species and found that where the plants occurred 
naturally then there was more carbohydrate, due to greater concentrations :|
of starch, at lower altitudes. They interpreted this as an ecological . Ij
adaptation to the higher temperatures encountered. However, in transplant s
experiments of high altitude plants to lower altitudes, carbohydrate con­
tent v/as greater in plants remaining at higher altitudes than in those 
transplanted, owing to the.intrinsically/greater respiration rates of 
plants which originated from the cooler higher altitudes acting to their 
disadvantage in the warmer lower altitudes. The equivalent but opposite 
effect of starch content decreasing with decreasing temperature has been 
quantified by Glier and Caruso (1973) for Verbascum thapsus L*. They f;
Î
/
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suggest, in common with others, that the increased soluble sugars present 
after low temperature treatment help the plant to withstand cold or 
freezing damage, and may also help to promote rapid growth in the spring 
without the necessity of conversion from stored starch,
Stewart and Bannister (1973) monitored the total carbohydrate concen­
tration in Vaccinium uliginosum throughout the year, and found that they 
were able to explain the cyclical changes observed .in terms of the respi­
ratory loss and photosynthetic gain of carbohydrate by direct relation with 
light and temperature conditions at any time of year. This particularly 
shows the importance of the relatively fine balance between loss and gain 
of carbohydrate for the potential survival of a plant, and most especially 
in winter when assimilation is at its lowest.
In addition, Green and Ratzlaff (1975) have, related the amount of 
soluble sugar in cereals with their winter cold hardiness. The level of 
sugar increased with increasing time of hardening for all cultivars used, 
but the two less hardy cultivars of wheat tested shov/ed higher levels of 
soluble sugars than the two hardy ones after the same period of cold hard­
ening.
In view of the above considerations, determinations of carbohydrate, 
in terms of starch and soluble sugar content, were made on the pretreated 
root material remaining after removal of samples for the respiration 
experiments of Chapter 4, to see if this would provide additional informa­
tion relevant to the survival and distribution of the plants. Enough root 
material was available only for Ligusticum, Mertensia and Crithraum for 
starch and soluble sugar determinations, and for Ligusticum only, for 
individual sugars determination. Samples of fresh (i.e. not pretreated) 
root material were available for Ligusticum alone and from results obtained 
for this species dovm to 10°C pretreatment, it appeared that for all species 
usedy the 5° pretreatment for the shortest time was probably the figure 
which differed least from that of fresh material, especially since all the 
plants had been collected in winter.
■Î
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METHODS
1« Starch estimation#
The iodate/iodide method used was that described by Allen (19?4)
Chemical Analysis of Ecological Materials, section 42.5#
Between I50 mg and 250 mg of freeze dried, ground plant root material 
was accurately weighed in a test tube# 5*0 ml of water and 200 mg of 
fine washed sand were added and the contents boiled for 15 minutes, in 
a water bath, to ge3. the starch* After cooling, 5*0 ml of 60$o perchloric 
acid (PlClOj^ ) was added rapidly while stirring# The plant tissue was 
ground against the side of the tube, using a glass rod, intermittently 
for a further 20 minutes and then the extract was transferred quantita­
tively to a 100 ml volumetric flask, diluted to volume with distilled 
water, mixed a:ad allowed to settle# Aliquots of this extract (see below) 
were analysed#
Each aliquot was transferred to a 50 ml volumetric flask, and after 
addition of a few drops of phenol red indicator (0#1f^  in industrial spirit) 
was neutralised by dropwise addition of sodium hydroxide (1*0M NaOH) until 
the indicator turned to deep red. Acetic acid (10^ CH^COOH) was added 
dropwise until the colour was just destroyed, and then a further excess 
2 .5 ml was added# After addition of 0*5 ml of potassium iodide (lO^ j Kl), 
the colour was developed by adding 5*0 ml of potassium iodate (0#0125M KIO^) 
with thorough shalcing# The assay solution was then made up to volume ^
(50 m].) with distilled water and the orange to brown colour was measured 
spectrophotometrically at,680nm (red filter) against a distilled water 
blank#
A standard solution of pure starch (1 ml equivalent to 1 mg) was made 
up in the same way as for the plant tissue extracts, and aliquots of this 
were used to construct a calibration curve for the experimental analyses. 
Care was taken to choose sample aliquots which yielded colours and thus 
readings on the straight line part of the graph; up to about 1.0 mg of 
starch per assay. Determinations were carried out on three different 
aliquot volumes and the results from these were averaged to improve the 
precision. Sample replication was not possible owing to the.small quant­
ities of plant material available.
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2. Total soluble sugar estimation
The anthrone method described by Allen (1974) section 41.4 v/as used* 
Though 50 mg of dry plant material was suggested as a suitable sample 
size, it was found that this was too much for the plants under investiga­
tion and 10-20 mg was more suitable, to avoid dilution of extracts.
The accurately weighed sample was boiled gently with 50 ml of distilled 
water for 2 hours in a covered conical flask and was topped up as necessary* 
After cooling, the extract was filtered through a Whatman No,44 paper into 
a 50 ml volumetric flask, washed through, and then made up to volume v/hen 
cool. Filtration was slow, possibly due to extraction of oligosaccharides 
which might be expected to impede filtration. Determinations were carried 
out immediately on these solutions'since they will not keep overnight*
2*0 ml of extract wa,s pipetted into a boiling tube and 10 ml of anth­
rone reagent (see below) was added rapidly with mixing, with the tube in 
an ice-cold water bath* The assay solution v/as boiled in a water bath in 
a dark fume cupboard for 10 minutes# It was then cooled and the resulting 
green or blue colours measured at 625 nm against a distilled water blank*
A standard solution of glucose (1 ml equivalent to 0*25 mg) was made 
up and diluted to yield a range of standai'ds which were assayed, in the same 
v/ay as above for the construction of a calibration curve up to 0*5 mg of 
glucose per assay, over which range a straight line v/as obtained# The 
measure of total soluble sugar obtained is in terms of * qlucose equivalent 
sugar*•
Once again, assays were carried out on two aliquots, and the results 
were averaged to improve precision, but replication of samples was not 
possible owing to the very small amounts of dried root material available, 
Anthrone reagent
Add 760 ml of concentrated sulphuric acid (EgSO^ ,, Analar) to 
530 ml of distilled v/ater, keeping cool while mixing. V/hen cold 
dissolve 1#0 g anthrone and 1*0 g thiourea in this using a magnetic 
stirrer* Keep in the dark in a refrigerator for 2 hours before use#
The anthrone is the colour producing agent and the thiourea is added 
to stabilise the rather easily decomposed,anthrone.
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3* Characterisation an.d determination of sugars by Gas Liquid
Chromât ography•
The method used was based on that of gweeley et al (1963) and EllisI ■(1969), in which the sugars are converted to volatile silated derivatives 
before gas chromatographic determination*
The sugars from an accurately weighed 0*1g portion of freeze dried 
root material were extracted 3 times with 2 ml volumes of boiling 80^ 
ethanol and 3 times with 2 ml volumes of boiling GOP/o ethanol# The extracts 
were bulked by filtering into a thick walled glass tube,then taken to dry­
ness in a vortex evaporator under vacuum at 43°C. If not an.a3.ysed 
immediately, the dry extracts were stored in a desiccator over phosphorus 
pentoxide*•
The dry extract was redissolved, quantitatively, in 1*0 ml of dimethyl 
sulphoxide (DM80, CH^.SO.CH^) and 0.2 ml of this was measured with a 
micropipette into a "cherry bottle" (a ca* 1 ml flask with 0*02 ml 
graduations on the neck.) After addition of a further 0*2 ml of DM80, 
to rinse down the extract, 0.2 ml of hexamethyldisilazan (MDS, C^H,|^NSip) 
followed by 0.1 ml of trimethylchlorosilane (TMS, C-H^ClSi) were added, 
the bottle was stoppered to prevent entry of water from the air and the 
contents mixed thoroughly on a mechanical shaker for 5 minutes.
After standing overnight two phases appear, the lower being DM80, and 
the upper M D S  containing the trimethylsilated sugar derivatives* DMSO 
was then added to the lower pliase with a syringe to displace the upper 
phase into the graduated neclc of the "cherry bottle" and tliis volume, 
usually about 0*23 ml, was noted* A 1 pi aliquot of this upper phase 
was taken with a microsyringe and injected into the Gas Chromatograph 
which was fitted with a SE 52 diatoraite CO column* This was programmed 
to run 2 mins at 130°C, then to rise at 6°*min""^  to 260°C, this tempera­
ture being held for a further I5 mins to flush out any less volatile 
compounds.
Standard solutions of the sugars expected to be pK'esent, dissolved 
in DMSO, were treated in the same way and a range of different sized 
aliquots from the upper phase was used to construct a separate calibration
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graph for each sugar, since the proportion of each sugar standard 
recovered as its trimethylsilyi derivative was different for each one# 
Amounts of each sugar in the sample aliquots were obtained by 
calculation of peak area (height from baseline x width at height) and 
reference to the relevant calibration graphs drawn up in the same way#
RESULTS
1 a Starch
The northern species, Ligusticum shows concentrations of starch in 
the roots (Table 6»1) from 0.3fo to 5*%^ of the dry weight with the maxi­
mum after pretreatments at 10°C and the minimum after 25°C, except after 
1 week where the pretreatment time was possibly insufficient for full 
equilibrium to have been reached* The results for 2 weeks *?6 are slightly 
higher than the others but the same trend is shown* Amounts of starch 
after 5°C pretreatments are lower than those for 10°C in all instances 
where both were measured.
The starch contents of the second northern species Mertensia (Table 
6*2) were all less than and at these values were insufficiently precise, 
owing to low sample weights used, for any pattern to be noted# There was, 
however, no fur*ther dry root material available to enable determinations 
to be carried out on larger sample weights.
The southern species, Critlimum, shows a maximum starch content, 
relative to dry weight, of up to about 15/<$ (Table 6.3) at 10° to 20°C 
with the maximum in every time group at 15°0 becoming more marked after 
longer storage times. In contrast to Ligusticum this trend is shown 
after 1 week, suggesting that Crithmum is able to respond faster to temp­
erature of pretreatment*
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Table 6.1 : Starch content of roots of Ligusticum scoticum
after various pretreatments.
% starch (relative to dry weight) 1
Pretreatment temperature °C
1 week 2 weeks
'76 '76
2 weeks 3 weeks Detailed 
'77 '77
5° - - 1.3 2.5 2.2
10° 3,2 5.8 3 .3 3 .3 2.6 ;
15° 2.5 2.7 1.5 1.1 1.7 :|
20° 2.5 2.2 0.6 0 .7 0 .7 '3
25° 3.1 0.4 0*4 0 .3 -*
Table 6.2 Î starch content of roots of Mertensia maritime. '3after various pretreatments*
% starch (relative to dry weight) '%
Pretreatment 2 weeks 4 weeks
temperature °C 177 *77
5° 0 .5 0 .2
10° 0 .2 0.4
15° 0.7 <r 0.1
20° 0 .6 0.1 %
25° < 0.1 0 .2
Notes 1 - Root material was that remaining after samples taken for respiration experiments of chapter 4. ■ I
2 - First place of decimals not always significant, but is included for later averaging*.
î
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Table 6*3 Starch content of roots of Crithjnum marxtimiirn 
after various pretreatments*
^ starch (relative to dry weight)
pretreatment o, 1 week 3 weeks2 week;temperature '^C
6,4
10.610.1
11,2
20' 10,0 10,1
7.8
Î
Notes : as for Tables 6,1 and 6,2.
..•9
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2, Total soluble sugars
The northern Ligusticuin shows concentrations of between 33/» and 46?^  
soluble sugars (Table 6,4), expressed as glucose equivalent of the dry 
weight. While there is variation in the sugar content with different 
pretreatment conditions there are no distinct trends which can be related 
to either time or temperature of pretreatment. The differences observed 
may be a reflection of the natural variability between the sugar leve3.s 
in the individual plants used,
Mertensia, the other northern species, has very high concentrations 
of soluble- sugars in its roots (Table 6*3) up to after pretreatment 
at 3^C for 2 weeks* There is a decrease in sugar content, to a minimum 
of 31?^t with increasing pretreatment temperature, and this is most marked 
after pretreatment at 20° and 23°C for 4 weeks.
The southern Crithmum shows maximum sugar contents (Table 6,6) after 
pretreatment at 10° or 13°C with maximum levels of around of the dry 
weight, There is a general decrease in sugar content with increasing 
temperature of pretreatment above the temperature of the maximum content,
The plant material for Crithmum was all collected at the same time and place 
and can be considered partially clonal, and this should have helped to 
reduce differences in results due to natural variation mailing comparisons 
more valid.
The anthrone method is sometimes considered to give uni’ealistically 
hd,gh levels of soluble sugars due to exhaustive water extraction of the 
p].ant material and also due to possible hydrolysis of oligosaccharides 
with the strong acid of the anthrone reagent*
3» starch and Sugars considered together
The amount of total soluble sugar in Ligusticum (Table 6,4) is very 
similar to that in Crithmum (Table 6,6) whereas the starch contents (Tables 
6,1 and 6,3) are considerably different. It is of interest to express 
these concentrations as ratios of the means of each at the various pre­
treatment temperatures used‘(all times) and also to obtain an arbitrary
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measure of (total carbohydrate* at any temperature by summation of the 
means, both in order to see if additional information can be obtained 
by treating the results in this way. Means and derived values are given 
in Table 6*7 and include, for completeness, the corresponding values for 
Mertensia (original Tables 6.2 and 6*3)« The values for the ratio empha­
sise the considerably higher sugar ; starch ratios for the northern 
ligusticum in relation to those for the southern Crithmum, and show that 
there is a minimum ratio at 10° for Ligusticum. Mertensia, the other
northern species has an even greater sugar to starch ratio, due to higher 
levels of sugars and lower levels of starch than for Ligusticum*
The corresponding * total carbohydr-ate* values (Table 6,7) show that 
for Ligusticum there is a small decrease in total carbohydrate with 
increasing temperature of pretreatment, while Crith m n has increasing 
total carbohydrate up to 13°C pretreatment and a subsequent decrease*
This latter result, if real, can only be explained by possible breakdown 
of some other storage material not measured by either of the methods used, 
which increases either starch or soluble sugar, or both, and so increases 
the annarent total. Total carbohydrate for Mertensia is largely a measure 
of the soluble sugar content with the trends already discussed*
In considering the starch and sugar concentrations, both above and in 
the two previous sections, it should be mentioned that all measurements 
have been made relative to dry weight of root* After any length of time 
the weight loss of the root due to loss of carbohydrate by respiration, 
will malce sugar content figures appear higher than they should* This will 
be of most importance after the longest times of pretreatment, 3 and 4 
weeks, when greatest dry weight losses will have occurred*
It is also of interest here to compare the actual losses of carbo­
hydrate measured in these experiments with the losses calculated from the 
respiration data of Chapter 4* The mean percentage loss of dry weight at 
5° and 23°C was calculated (as glucose) from the respiration rates of 
Table 4*9 (page 95) and this information is presented in Table 6,8 along 
with the resulting times for loss of of the dry weight, a figure which
: .V î .
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would be bound to affect all three species considered, and especially 
in view of their measured carbohydrate contents (Table 6.7), The
calculated times of ?0 and 50 days for loss of of dry weight in 
LiAUsticum and Mertensia at are of the right order for survival of 
these plants through the winter, and when the possibility that measured 
respiration rates were up to twice as great as those in the field the 
3C^ loss time becomes up to 14O and 100 days for the two plants. This 
is a very similar time to that which these species remain leafless in 
the British winter. Both lower and higher temperatures may be encountered 
in winter by the northern plants, increasing or reducing the length of 
time required to lose 30^  of the dry weight and possibly affecting the 
plants’ survival. The effect of carbohydrate loss on Crithmum will be 
less important for survival since this loss is slower than in the northern 
species and the plants retain leaves in winter which enables some 
replenishment of carbohydrate to offset any losses.
s ;  - ' '■'" f ' X ' i '  ':' " V
Table 6.4
Table 6.3
Pretreatment 
temperature °C
3°
10°
13°
-20°
23°
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Total soluble sugar content (glucose equivalent) 
of roots of Ligusticum scoticum after various 
temperature pretreatments.
^ glucose equivalent sugars (relative to dry weight)
Detailedreacinem. rature OQ 1 week. 2 weeks 2 weeks 3 weeks (5 & 4*76 *76 *77 *77 . weeks)
5° - — 43.8 41.8 41.9
10° 44.1 34.4 42.7 35.7 47 .2
13° 40.4 37.6 43*4 54.3 4o*6
20° 44.8 33.4 59.5 4-1.6 40.9
23"" 59.5 35.2 36.1 32.9
Total soluble sugar content (glucose equivalent) 
of roots of Mertensia maritima after various 
temperature pretreatments.
% glucose equivaD.ent sugars (relative to dry weight)
2 weeks *77
. 81.3 
69.5
70.8
61.9
4 weeks *77
72.0
76.6
76.2
66.6
51.5
Notes 1 - Root material was that remaining after samples talcen forrespiration experiments of Chapter 4,
2 “ First place of decimals not always slgnificcint, but isincluded for later averaging.
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Table 6.6 : Total soluble sugar content (glucose equivalent)
of roots of Crithmum maritirnum after various temp, 
pretreatments
% glucose equivalent sugars (relative to dry weight)
Pretreatment 
temperature °C 1 week 2 weeks 3 weeks 4 weeks
5° 37.6 57.8 39*8 57.9
10° 32 .2 42.7 55.7 54.7
13° 57.8 44*4 59.1 57.1
20° 51.0 56.2 54.7 30.2
23° 52.0 37.1 52.6 31.0
Notes: as for Table 6.4 and 6*5*
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Table 6,7 : ligusticum scoticum, Mertensia maritima and
Grithnami maritirnum; mean values for starch and total 
soluble sugar content related to temperature of pre­
treatment. rpotal carbohydrate' and the sugar:starch 
ratio are derived directly from these values.
Percentage of dry weight
Starch Solublesugars
Total Sugar: carbo- Starch hydrate ratio
Ligusticum scoticum
3° • 2.0 +0.3 (3) 43.2 +^.3 (3) 43.2 21.3
10° 5.6 +0.3 (5) 40.4 +2.7 (3) 44.0 11.1
13° 1.9 +0.3 (5) 59.7 ±1*8 (5) 41.6 21.120° 1.5 +0.4 (3) 40.0 ±1*9 (5) 41.3 29.923° 1.0 +0.7 (4) 55.9 +1.3 (4) 36.9 54.5
Mertensia maritima
5° " 0.4 +0.1 (2) 76.7 +4.6 (2) 77.1 20210° 0.5 +0.1 (2) 75.1 +3*5 (2) 73.4 27113° 0.4 +0.y (2) 74.3 +1.9 (2) 74.7 20120° 0.4 +0.2 (2) 68,7 +2.1 (2) 69.1 186
23° 0.1 +0.1 (2) 56.7 +5 .2 (É) 36.8 473
Crithmum maritirnum
3° 5.8 +1 *3 (4) 58.3 +0 .3 (4) 44.1 6.610° 9.5 +3.0 (4) 43.8 +4.4 (4) 55.1 4 .9
15° . 15.6 +0.9 (4) 44.6 +4.4 (4) 38.2 3 .5
20° 9.0 +0.6 (4) 33.0 +1.4 (4) 42.0 3 .7
23° 5.7 +0.9 (4) 35.1. +1.4 (4) 38 .8 5.8
Means are calculated from individual values of Tables 6.1 to 6.6 and are expressed + S.S. (standard error, see Campbell, 196?) with number of values used for each mean given in brackets#
11
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Table 6.8 : Ligusticw, scoticum, Mertensia maritima and
Critl ojm meritimum: calculated loss of carbohydrate 
(as glucose) from respiration data of Chapter 4j 
expressed as ^  loss of original (total) dry weight. 
The time for loss of ^0^ of dry weight was calculated 
directly from these values.
Time to lose1 day 1 week 50^ of dry W'
5° 25° 5" 25° 5" 25’
Ligusticum 0.7 3.0 5.0 20.9 70 17
Mertensia 1.0 3.5 7 .0 24.3 50 14
Critlmium 0 .4 1.3 2.7 9 .4 131 37
1
li
dl
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4» Sugar characterisation and determination,
This determination by gas liquid chromatography was only carried out 
on freeze-dried root material of Ligusticum scoticum due to lack of other 
material. The sugars found and the quantities of each are set out in 
Table 6.9 for each pretreated sample and for fresh root material. The 
chromatographic peaks for arabinose and ribose and for maltose and tre­
halose were too close to be separable, and the total pealc area for the two 
components was combined in each case.
Sucrose is by far tlie predominant sugar found, with quantities ranging
-1 -1  from 53 mg.g“" dry wt. (average) in fresh material., to 93 mg.g™ in material
pretreated at 10°C for 2 weeks. All other sugars were at very low levels,
less than 10 mg*g”1, for most pretreatrnejits except for the 25°C treatments,
where, after 1 week, the level of c<andy3 glucose rises to 13 mg.g and
after 2 weeks c< and A glucose is 14 rag.g  ^and fructose 11 mg.g*"1.
The highest total amount of sugar found in the roots by this method 
was 108 rag.g”1dry wt* (10.%o) after pretreatment at 25°C for 1 week. The 
same dry root sample had a soluble sugar content of 39/o when measured by 
the Anthrone method, (see 2, above) and though each method gives consis­
tent levels of sugars, the discrepancy between methods is rather large. 
However, several things must be taken into account here, including the 
different extraction methods and the greater number of 'steps* in the
G.L.C, procedure, both of which may have contributed to the observed 
variation. The difference between the alcohol extraction for G.L.C, and 
the water extraction for anthrone sugars may also have exaggerated this 
discrepancy. •
' î ’  ■ ' - ; - i - y
Table 6.9
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Individual sugars in roots of Ligusticum scÿlxun 
determined by G.L.C, analysis All values expressed
as ing.g” relative to dry weight,
+ Sugar present but not in measurable quantities. 
- Sugar not detected.
■ÎÎ
Fresh plants ISugar (a) (b) (c) (d) Mean
Arabinose/Ribose 1.0 + 0 .8 0 .3 0 .7 »
Fructose 1.8 1.8 2 .7 2 .7 .2.2
/Sglucose 3.1 5.1 5.1 5 .8 5.8 1Inositol 1.2 1.2 1.2 1.1 1.2
Sucrose 57 58 48 30 55 -1Maltose/Trehalose + 5.1 5.2 3 .0 4.4»
Raffinose 2.8 3*6 + 2.6 5.0*
TotalSugars 66.9 69.8 63.0 63.5 68.3
Pretreated Plants
Sugar 10°/6d 13°/6d 20°/7d 25°/7d 10°/13d 13°/I5d 20°/l6d 23°/l6d
Arabinose/Ribose + + 1.1 0.8 0 .3 1.7 1.0 1.0
Fructose 1.5 1.6 5.2 1.3 1.5 4.4 1.9 11.5 ' 'ÿ;
X&/3glucose 2.7 2.9 4.2 13.2 2.4 5.3 2.9 14.2 '1Inositol 1.1 1.1 1.1 1.2 1.1 1.1 1.2 1.1
Sucrose 65 71 .80 88 95 72 78 70
Maltose/Trehalose — - - - ~ ' ^
Raffinose 3.0 3.6 5.4 5 .2 5.0 5.5 2.3 2.4 1Total sugars 75.3 80.2 95.0 107.7 101.1 88.0 87.3 100.2 t.'E'M.
* means calculated on 5 values only
-  " Y " ; : -  - ' X ? ! ' . '  " ' ' " " . -
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.DISCUSSION Arm coNcmsioNS
The differences found between the carbohydrate status of the three 
species investigated, Ligusticum scoticum, Mertensia maritima and 
Crithmum maritirnum, are most marked in the starch concentration of the 
. dried root material. The very low levels in Mertensia and low levels 
in Ligusticum are in contrast with the higher ones in Crithmum over the 
whole range of pretreatment temperatures used. Starch formation from 
soluble sugars by temperature displacement of the equilibrium (James, 1953) 
is favoured at higher temperatures and the consistently greater levels of 
starch in the southern Crithmum, irrespective of pretreatment, may reflect
a predisposition for starch storage in this plant which is not shown by the 
northern species. When pretreatment is taken into account, Ligusticum and '4
Crithmum show maximum stai'ch contents after 10° and 15°C respectively. At 
temperatures above this, especially after longer times, the reduction in #
starch (to a very low level) probably represents a shift in the equilibrium, 
due to respiration use of sugars, which show much smaller relative decreases. ?>■The total soluble sugars in Ligusticum and Crithmum are at very w
similar concentrations when considered relative to dry weight, while those .1
of Mertensia are at a higher level* Greatest decrease of sugars with 
increasing temperature of pretreatment is found in Mertensia, the species %
which has least starch and thus least potential for maintaining sugar levels 
in the absence of any photosynthetic assimilation. Levels of sugars in the 3
other two species may be almost maintained at the expense of starch, 3
especially at higher temperatures when inspiratory losses are greatest. -s
ÙThe higher values of the ratio for soluble sugar : starch in the Ki: tnorthern species is in contrast with the lower values for Crithmum, This /S:
apparent predisposition to relatively more sugar may reflect the northern /
status of the plants by its connection with the lower temperature displace­
ment of the "staz'ch sugar equilibrium.
The total carbohydrate (resulting from addition of mean values for f
starch and sugars at each pretreatment temperature) shows a decrease with %
' ^increasing temperature of pretreatment, for both the northern species. The * il
southern Crithmum has increasing levels of total carbohydrate•up to 15°C %
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and a subsequent decrease, with increasing temperatures of pretreatment. 
While the changes in the northern plants may be explained by simple 
respiratory loss, those of Crithmum do not appear* to be so straightforward. 
One possible explanation of the rise in total carbohydrate content between 
5° and 15°C pretreatments in Critlmiurn is that some further storage subst­
ance, not detected by the analyses used, is being converted to detectable 
sugars over this range of temperature.
The total sugar for Ligusticum calculated from the sum of the 
individually determined sugars by G.L.C, analysis is at a much lower 
concentration than that found by the standard anthrone determination of 
total soluble sugars on the same plant material* The possible reasons for 
this are discussed earlier in the chapter, but this difference does not 
invalidate comparisons of relative changes measured by both methods* The 
sugar present in by far the largest concentrations in Ligusticum roots is 
found to be sucrose. The most striking change in sugar composition occurs 
after storage for 1 and 2 weeks at 25°C; after 1 week the glucose level 
rises and after 2 weeks both glucose and fructose levels rise* These 
changes at 25°C may possibly be explained as successive brealidovm of 
starch after 1 week and as breakdov/n of sucrose after 2 weeks when starch 
reserves have been severely depleted* Other sugars present remain in reason­
ably constant concentrations for the range of pretreatments investigated*
Of the tliree species investigated in this chapter none can be said 
to show any temperature effect on carbohydrate status which could play a 
direct part in the regulation of its distribution, though all tliree do show 
some features of carbohydrate metabolism which could be related to their 
northern or southern distributions* It is., however, difficult to decide 
whether the above considerations are a cause or an effect of the plants* 
distributions.
'____________________________  %_________ * 9' '
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CHARTER 7 4
smimm and conglïïsions
The purpose of this investigation has been to assess whether the q
temperatures apparently limiting the distribution of some British coastal 
species were in fact acting as a direct limitation on the plants in their 
natural habitats or whether other factors were involved. The reasonable 
continuity of the coast as a habitat and its relatively equable climate
were both factors which contributed to the choice of coastal plants for
this project, A study of those coastal species which showed either 
northern or southern distributions in Britain revealed good correlations 
between temperature isotherms and distribution for many species. For 
example, most of the species with a northern distribution in Britain 
show a southern limit which is apparently directly correlated with 
sunmier (July) mean temperature isotherms, while those species with 
southern distributions may have a summer, winter or combined temperature 
limitation at their northern limit. Extra weight was given to a direct 
temperature limitation by the way in which changes of distribution over 
30 year periods could also be correlated with changes in the position 
of the relevant temperature isotherms over the same periods. These 
observations gave no indication of the stage in the life cycle at which 
any temperature limitation might act, and prompted the investigation 
of the effect of temperature- on the selected plants at different stages 
in their life cycles in order to determine the mechanism of the limitation.
A study of seed germination at constant temperature showed that 
the northern Ligusticum scoticum and Mertensia maritima both gave maximum 
percentages in minimum times at the higher temperatures used, though
some germination also occurred at lower temperatures, down to if
the experiments continued for long enough. The southern Crithmum maritirnum 
and Glaucium flavum both showed maximum germination at the lower
... " : r ' r . M . . ' " : -7'"'. . V i * ; ■ ' ' ' ' ’ •■.. i-' .r.. ■ ■'■'U'g’Sp
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temperatures used, with very little germination, or none at all, at 
20°C and above. Alternation of temperatures enhanced the rate of 
germination of Ligusticum and Crithmum, the only species studied in 
ttiis way, and most especially when the temperatures were in or close to 
the range at which the seeds had previously been shown to germinate 
well at constant temperatures. Though these temperature characteristics 
of germination fit well with those found previously, for various northern 
and southern species, the range of temperatures at which germination 
can occur for those species studied here is such that, if dispersal 
were not limiting, seed could germinate anywhere in the British Isles 
at some time of the year. However, once germinated the young plants 
would not necessarily be able to withstand the prevailing temperature 
conditions in all parts of Britain. This suggests that the seed 
germination probably does not directly affect the distribution of any 
of the plants, rather that the distribution and habitat affects the 
germination which appears to be well adapted to maintaining an established 
colony of plants.
The other main investigation into the effect of temperature on 
distribution was carried out on mature plants in their winter state.
The response to temperature of overall respiration rate (as oxygen 
uptake) at a range of experimental temperatures was used as a measure 
of the way in which the whole plant alters its.physiology after various 
temperature and time pretreatments. Any temperature induced changes 
in response may be of great importance to the survival and thus 
distribution of a species under a particular climate regime, and this 
will be of greatest importance at the limits of distribution where the 
greatest stresses on the plants’ physiology would be expected to occur.
Of the four species studied in detail, the two northern species 
Ligusticum scoticum and Mertensia maritima had respiration rates which
#1
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were approximately twice as great as those for the southern Crithmum 
maritirnum and Limonium hinervosum at any given temperature over the 
range of 5° to 30°C studied. These high rates of the northern species 
are of great ecological importance to the plants as they permit rapid 
growth and development during the short northern growing season. This 
is particularly important since the plants' survival may depend not 
only on successful seed production hy the end of the season, but also 
on the accumulation of sufficient reserves of carbohydrate in the roots 
or other storage organs to enable them to survive the long northern 
winter. However, the intrinsically high respiration rates may also be 
ecologically limiting on the northern plants, most especially when they 
are subjected to abnormally high temperatures in either summer or winter.
High winter temperatures will be most damaging to the northern plants 
when they have no leaves for photosynthetic replenishment of carbohydrate 
and other reserves which are continuously lost by respiration. At these 
high temperatures the finite reserves will be used more quickly and the 
plant will be more likely to exhaust these reserves and die, especially 
when the intrinsic respiration rate is high. Even a one degree rise in 
temperature may raise the respiration rate by as much as one percent, and / 
reduce the time taken to use up all carbohydrate by a similar proportion.
The lower intrinsic respiration rates of the southern species will 
not result in such rapid growth as the northern plants in spring and 
early summer when the temperature rises, but this is not a disadvantage 
for these plants since their growing season is not restricted in the 
way it is for the northern plants. In this case the lower respiration 
rates may be ecologically advantageous since the plants are subjected 
to relatively high temperatures for long periods in the summer in their 
natural habitats. However, the southern plants all-retain at least 
some leaves throughout the year and are thus able to replenish their
%3
1supply of carbohydrate under suitable light conditions even in winter^
If this is so, then it seems unlikely that the suggested winter (January) 
temperature limitation on Crithmum acts as a result of the direct effect 
of temperature on the respiration rate of the mature plant, rather that 
limitation is by frost damage, for example, or that it acts at a different 
stage in the life cycle.
The rate of photosynthetic assimilation of carbohydrate, and the 
way in which this responds to temperature changes, is directly related 
to the survival of the plant and is thus of great importance, though it 
was not possible to measure it in this study. As already mentioned, 
photosynthesis may have a direct effect on the southern plants in winter, 
but the winter survival of all the plants may depend on the temperature 
dependence of both respiration and photosynthesis and the balance between
Ithese in the weeks or months immediately preceding the onset of winter.
When the respiration data of the species under investigation were iÎconsidered in greater detail as Arrhenius plots, then further information |
relevant to their survival was obtained. Both the northern plants 
showed a break in gradient at experimental temperatures which appeared
to correlate well with those indicated as limiting by the distribution 1o omaps. Ligusticum has breaks between I5 and 20 C, very close to the
15^0 July temperature limitation of the distribution maps. However, æ|
the experiments were carried out on plants emerging from their winter |1dormant state and they showed little or no change in the position of 
the break after different times and temperatures of pretreatment, which 4
suggests that the 15 to 20 C temperature related response is in operation |
at all times and does not depend on the previous treatment of the plant. ]
~àThe 15 0 July mean temperature is that for the warmest summer month and
might thus be expected to be limiting on the plant on the basis of the j
above discussion. il
importance of this kind of saving even in the short term.
Though the other northern species, Mertensia, shows a similar 
break in gradient of the Arrhenius plots, its responses to temperature 
seem to differ from those of Ligusticuni in several respects. Firstly,
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Though probably representing a critical change in the limiting 
enzyme reaction of respiration, as suggested by the change in the value 
of energy of activation, the break itself is possibly not directly 
related to the limitation on the plant, rather that the high actual 
respiration rate and subsequent loss of carbohydrate at temperatures 
above the break may bring about the eventual death of a plant. Death I
is not inevitable however, in fact the plant appears, to compensate for 
the higher temperatures over short periods by the effective reduction 
of carbohydrate loss over that which would have been lost had there 
been no break in gradient: savings of up to 50^ have been calculated
3at an experimental temperature of 30 C for Ligusticum which shows the
1
i
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the position of the break is usually between 20 and 25 0 which is higher # 
than the limiting isotherm of the distribution* (l5*5^0) but is still 
reasonably close when the possible effects of the usual shingle habitat 
and the slightly less reliable plant material are taken into account. i
Secondly, the break in gradient does not result in such a sharp change 
in energy of activation as that for higusticum. and,uniike Ligusticum,
Mertensia does appear to show some dependence on pretreatment temperature 
as indicated by the way in which the energy of activation for the overall 
experimental temperature range falls with increasing temperature of 
pretreatment. While the results are less clear than for Ligusticum, it 
appears that the temperature limitation on the distribution of Mertensia 
might be brought about by a different mechanism in view of the suggested, 
double response of activation energy to temperature even though the two 
effects must be interconnected and were also possibly the cause of some
: -"y. y; y T "
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of the variability of results. Both the break in gradient and the 
reduction in overall gradient with increasing pretreatment temperature 
will tend to reduce the loss of carbohydrate at higher experimental 
temperatures by the respiration rate being lower than would be expected, 
leaving the maximum response to increasing temperature after 5°G 
pretreatments when the plant in effect emerges from its winter state 
and grows as fast as possible to take maximum advantage of the short 
northern growing season.
Though the Arrhenius plots of the southern species also show some 
temperature dependent responses of respiration these are less easy to 
correlate with survival and thus distribution of the species, and especially 
since there is less confirmatory evidence than for the northern species 
that the breaks are real effects. The low temperature range break in the 
Arrhenius plots of Crithmum respiration data occurs at around 7°G which 
is reasonably close to the 4*4°C January isotherm which bounds the 
northern limits of the British distribution. If, as suggested, this
break is due to a dénaturation or inactivation of one of the respiratory a
enzymes at the lower temperatures, then frost intolerance or just cold .|
intolerance may be the explanation for the constraint on the distribution ‘
of Crithmum at its northern limits in Britain. Thus the actual respiration j
'1rate and loss of carbohydrate seem to play only a secondary role in the 
limitation of the plant, as suggested earlier on the respiratory evidence -j
alone. "j
1The case of Limonium is less straightforward since the Arrhenius J
plots show northern type breaks after low pretreatment temperatures
and Crithmum type breaks after high ones. However, if more than one -j*1respiratory enzyme is involved then the breaks can be explained in the ]
same way as for the above cases; when the plant has been accustomed to |
colder conditions it shows a .warmth intolerant type break and likewise '
V................ ....Va-:-. r.-v tyrz&r;
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when accustomed to v/armer conditions it shows the co].d intolerant type 
break, though the latter is at temperatures higher than for Grit 1 mum so 
the meclianism may be different. This dual type of limitation fits well 
with the restricted distributional range of this plant along the Atlantic 
coasts of Europe and is the species, of those studied, which might be most 
expected’to show this kind of limitation. Once agaip, though a knowledge 
of the photosynthetic response to temperature would complete the information 
relevant to survival and distribution, the ability to replenish carbohydrate 
even in the winter months means that this will be less likely to be 
limiting.
The single Arrhenius plot for Glaucium flavum was a straight line 
and as such yields no direct information on any possible temperature 
limitation on distribution in a form comparable to that for the other 
species studied. However, taking the unsatisfactory nature of a single
observation into account, this species has the most varied geographical
1range of all the southern species studied, and may even extend to inland 
habitats where greater extremes of temperature may be encountered. IfI
this is the case then the experimental range of this study may not have ■ |
I ibeen great enough to bhow up any possible limitation, and once again there il
I , iDiay have been a direct relationship between pretreatment temperature and ■»
response to experimental temperature, though extensive further investi 
gation would be required before any firm conclusions could be drawn about k
this potentially very interesting species
For all the plants investigated the values of energy of activation i?
- -iwere similar over the experimental temperature ranges which corresponded i.
: Vmost closely to those normally encountered by each plant in its natural -|
habitat and normal distributional range. At temperatures above and below 
those of the natural range the energy of activation and rate of change of -i
respiration was lower, where any change was found. Though the similarity
X. . - -■— :-— ...   • ■■ : -v
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' 1in Eg helps to confirm that the same reaction was being considered for
each plant, the difference in form of the breaks throws some doubt on
this. Further experiments with an even greater experimental temperature
range might help to confirm (or refute) the suggestion if breaks of both ;|
kinds were found at the ends of single Arrhenius plots over an extended
range.
The final investigation was into the carbohydrate status of the i
roots of mature plants after various time and temperature pretreatments 
and yielded results which added confirmatory evidence relevant to the 
survival of the plants. Both northern species had higher proportions 
of soluble sugars relative to starch than the southern Crithmum, after cj
each of the various pretreatments and this reflects the northern and 
southern nature of the plants since starch is usually a higher temperature 
storage substance than soluble sugars. Conversely, the higher relative 
proportions of soluble sugars in the northern species ensure available 
substrate for respiration in these species with such high intrinsic 
rates, in addition to any cold resistance resulting from the sugar content 
of the roots. However, there is no clear température dependent effect 
apparent for any of the plants which might play a direct part in the 
limitation of distribution. The measured changes in carbohydrate content 
are of the same order as those calculated-from the respiration data at 
the various temperatures with some variation attributable to the temperature 
related displacement of the starch soluble sugar equilibrium.
The extent of the evidence for temperature limitations on distri­
bution obtained in this study can be most easily summarised by considering 
separately each of the five species studied in some detail.
The respiration results for the northern Ligusticum scoticum, both 
as actual rates and Arrhenius plots, give the most convincing experimental 
evidence for a direct temperature limitation on distribution as suggested I
,'vjï
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by the apparently limiting 59°^ ’(l5»0°C) July mean isotherm. The fact 1f
that the observed break in gradient occurs consistently between 15° and 20°C 
and independently of pretreatment conditions helps to confirm this, as 
does the preference of the plants for sites with a northerly aspect near 
the southern limits of its range. Though the temperature responses of -v|
seed germination are characteristic of a northern species and are certainly 4
suited to maintaining any established colonies of the plant, it is unlikely 
that this alone would have any direct bearing on the overall distribution 
of the plant.
The other northern species, Mertensia maritima, shows similar but 
less consistent responses to temperature than does Ligusticum in both
aplant respiration and seed germination. There is reasonably good 
correlation between the apparently limiting July mean isotherm of 60°F if
(l5*5°C) and the temperatures at which breaks in Arrhenius plots occur, 'I
between 20° and 25°C. The discrepancy between the temperatures may be 
partly attributable to the observed partial dependence on pretreatment 
temperature of the overall Arrhenius plot gradient and resulting Eg.
The relationship of soil temperature to air temperature may also play a 
part here where plants exposed to the sun will experience temperatures 
much higher than those of the air when in their characteristic shingle 
habitat.
Of the southern species, Crithmum maritimum has been the most #
thoroughly investigated. The respiration experiments yielded Arrhenius §
plots with a break around 7°C which corresponds reasonably well with the '%
apparently limiting January mean isotherm of 40°F(4 .4 C^) and this coupled i3
4with information on frost intolerance lends weight to the explanation r
of low temperature inactivation (by whatever means) of a respiratory 
enzyme which eventually restricts the plants’ distribution by affecting 
its survival. As in the case of the northern species, the temperature 4
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Irequirements for seed germination seem well suited to maintaining the 
species in its present distribution and as such will probably play only 
a subsidiary role in the determination of that distribution. I
Limonium binervosum appears, on the limited evidence available, to "i"I
have a more complex pattern of respiration response to temperature which 
is dependent on the temperature of pretreatment to which the plant has 
been subjected. The results are in keeping with the apparent dual 
temperature limitation at the northern limit in Britain and also with 
the limited overall distribution, and may reflect an inability to react 
successfully to very rapid temperature changes. This species was less 
thoroughly investigated than the others and further confirmatory work 
is required before any firmer conclusions can be drawn on the exact part 
played by temperature responses in the limitation of distribution.
The data on Glaucium flavum were so limited that no explanations 
for its distribution can be made with any degree of confidence on the . 
basis of this work. The single experimental determination of respiration i!
rate found this to be more in keeping with those of the northern species 
and not to those of the southern species, the group to which it belongs 
on the basis of its distribution. The seed germination characteristics 
were in keeping with its status as a southern species, though the whole- 
plant needs further.investigation.
A study of the temperature responses of seedlings of these five 
species would probably yield further information of value to the present 
problem. The seedlings might be expected to be more susceptible to any 
temperature stress to which they were subjected, especially before they 
have had time to build up any stored reserves of carbohydrate which may 
have a buffering action in mature plants.
The part played by photosynthetic assimilation of carbon will be 
significant to the survival of the plants and thus the response of 
photosynthesis to temperature would yield invaluable complementary data. %
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! ' jThe southern species retain some leaves in winter and photosynthesis will it
he of importance throughout the winter in maintaining the carbohydrate
balance. However, for the northern species which die back in winter,
the speed of emergence of the new leaves in spring and the time taken for
them to begin effective photosynthesis may make the difference between
survival and death, especially after a long winter when replenishment of
carbohydrate may become vitally important.
While these further investigations would clarify the total effect 
of temperature on the life and survival of the plants relative to their 
distributions, the present study has shown a connection between the 
limits of distribution and temperature responses of respiration, with
3
Icertainty for Ligusticum scoticum and Mertensia maritima and with less 1
confidence for Crithmum maritimum. Limonium binervosum shows a possible 
link between temperature and distribution, but both this and Glaucium 
flavum need further study.
—  w -
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APPIH'TDIX 1
CONVERSION TABLE 
DEGREES FA B glN TIE in 'C r'IZD G ^ CENTIGRADE
°F °C °F °c °F °c
32 0 48 8.9 64 - 17.8
33 0.3 49 9.4 63 18.3
34 1.1 50 10.0 66 18.9
33 1*7 ■ 31 10.3 67 19.4
36 2.2 32 11.1 68 20.0
37 2.8 33 11.7 69 20.3
38 3*3 34 12.2 70 21.1
39 3.9 33 12.8 71 21.7
4o 4 .4 36 13.3 72 22.2
41 3 .0 37 13.9 73 22.8
42 3.3 38 l4 .4 74 23.3
43 6.1 39 13.0 73 23.9
44 6 .7  . 60 13.3 76 24 « 4
43 7.2 61 16.1 77 23.0
46 7 .8 62 16.7 78 23.3
47 8.3 63 17.2 79 26.1
80 26.7
i
1
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